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O YOU want to know what 
D metallurgical engineers are say- 
ing, the world over? Look in the 
Current Metallurgical Abstracts. 
Here are some of the points cov- 
ered by authors whose articles are 
abstracted in this issue. 





Bugs Now Out of Hadsel Mill 


The Hadsel mill was withdrawn from 





the market when it failed in some in- 
stances to live up to promising first re- 
ports. According to Hardinge (page 
MA 51 1) the bugs are now out of 
it.—J./ 

Very Thick Pulps Advantageous 

In a paper curiously entitled, “Some 
Effect f Diluting a Flotation Pulp,” 
Ralst ind King (page MA 51 L 5) 
find \ thick pulps (45 per cent sol- 
ids), vantageous. This forecasts 
troubl and business) for companies 


making thickeners.—J.A. 


Steel Refining by the Perrin Process 


A} French process of steel refin- 
ing, t] rrin, is much talked-about, but 
little has yet been published. The 
accol English, by Pugh, (page MA 
54 L ves a good idea of the proc- 
ess. G. 


Hydrozen Absorption and Unsound 
Stainless Steel 
Sperinski (page MA 54 L 3) stresses 


the | fulness of moisture in the 
charg: id resulting hydrogen absorp- 
tion i: melt of stainless steel, which 


producc- unsoundness.—H.W.G. 


A Confusion in Terminology 


Michel’s terminology, (page M. A 57 L 
9) referring to a “martensitic” Cr steel 
of 170-200 Brinell, seems a bit odd. We 
judge that he is really talking about 
making the steel ferritic rather than 
martensitic before machining —H.W.G. 


Backhand Oxyacetylene Welding 


In the early days of oxyacetylene 
welding, great stress was laid on finish- 
ing the welds with a smooth surface, to 
have the work appear as if seamless 
drawn. The natural consequence was the 
development of the “leftward” or fore- 
hand method of wash welding. Unfor- 
tunately, the present-day economical ap- 
plication of this process is limited to 
thicknesses of not over approximately 
%" for steel. Furthermore, forehand 
welding is not conducive to the produc- 
tion of ductile, high-strength welds on 
€avier work. 

Gradually, engineers overcame their 
aversion to visible ripple welds and 
learned to appreciate high-quality work- 
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manship. When “rightward” or back- 
hand oxyacetylene welding was gener- 
ally introduced a few years ago it revo 
lutionized the art. With this method, 
oxyacetylene welding now can be ap- 
plied efficiently and economically to steel 
plates or sections of practically any 
thickness. Welding speed is increased at 
least 30-50% and gas consumptions are 
reduced proportionately. A compara- 
tively narrow vee (60-70°) is used, re- 
quiring less filler metal. The welding 
flame is not moved from side-to-side 
across the vee, but its cone is brought 
in close proximity to the work and the 
full intensity of the heat utilized. By 
directing the flame against the finished 
weld, the molten bath can be kept much 
smaller and consequently easier to con- 
trol, the molten metal, welding rod and 
section of completed weld at high tem- 
perature are protected from oxidation 
by the envelope of the flame, and the 
area of the base metal heated is smaller, 
thus reducing the distortion. 
Multi-flame tips, used in conjunction 
with backhand oxyacetylene welding 
have recently effected further marked 
increases in welding speed and corres- 
ponding reductions in unit costs (page 


MA 65 L 8 and MA 65 L 8).—E.V.D. 


Welding and Monocoque Aeroplane 
Construction 


Monocoque designs for aeroplanes, 
employing a stressed skin of aluminum 
alloy, are tending to replace welded 
steel construction in recent years. The 
applications for oxyacetylene and met- 
allic arc welding in aircraft production 
appear to have reached a peak in 1931 
and 1932 when, better than 75 per cent 
of all fuselages manufactured iv the 
United States were made of welded 
steel. Except for engine mounts, land- 
ing gears and miscellaneous fittings, it 
now seems likely that resistance spot- 
welding may offer greater advantages 
for the new type of structure and con- 
tinue to find wider use in this field 
(page MA 65 L 9).—E.V.D. 


Tin Rayon? 

Not long ago, direct rolling became 
a topic for much discussion. Perhaps 
tin rayon will be the next, because Tam- 
mann and Moritz (page MA 74 R 2) 
have been able to make wire of some 
of the low-melting metals and alloys by 
squirting them, in the molten condition, 
from small conical nozzles.—J.S.M. 


A Tip for Teachers 


The teacher may be interested in 
Primrose’s method of obtaining pear!l- 
ite, troostite, sorbite and martensite in 
a single specimen of carbon steel. This 
consists of quenching a previously pearl- 
itic steel while undergoing transforma- 
tion upon heating (page MA 74 R 3). 

—J.S:M. 





Beryllium: Ave, Salve, but not Vale! 


Inasmuch as beryllium was hailed here 
and there a few years ago as the fair 
haired boy of alloying elements, it is of 
interest to note that Misch (page MA 
74 R 5) reports structures and constants 
of compounds of this element and cop- 
per, nickel and iron. The user of pre- 
cipitation-hardened alloys probably does 
not care what compound jumps out; 
and the research man, however, is 
likely to find the information useful. 


—J.S.M. 
Training of Welders 


The growth of welding has been so 
rapid that the demand for good welders 
nearly always has exceeded the supply. 
The best methods for training welders 
to take their places in almost every 
branch of manufacture have by no means 
been settled. 

Regulatory bodies on every hand have 
recognized welding as an_ accepted 
method of construction. This places a 
great responsibility upon manufacturers 
to allow nothing to happen that might 
destroy the confidence that has been 
won. It is vital that all strength welds 
be so well made that there may be no 
weakness in any part which might re- 
sult in a failure and possible loss of 
human life. Hence, the welding indus- 
try should give every encouragement to 
schools that supply a large number of 
good welders to the trade and adequately 
train these men to assure a high stand- 
ard of craftsmanship. 

Welding instructions, on the one 
hand, may be concerned almost entirely 
with fundamental scientific principles of 
the art or, on the other hand, solely 
with training in skill and manipulation 
to produce good work. Between these 
two extremes there exists a variety of 
needs requiring varying proportions of 

each type of instruction. Opinions dif- 
fer regarding the relative amounts of 
theory and practice which should be in- 
cluded in a given course in welding and, 
where more than one process is to be 
taught, the percentage of the total time 
to be devoted to each process (page MA 
65 L 10).—E.V.D. 


Some Why’s of Chromium Steels 


Study of the constitution of chromium 
steels is complicated by the existence of 
chromium carbides. Phase diagrams ne- 
glecting this fact have been published 
the reason being to avoid excessive com- 
plexity—but these are not suited to 
rational and complete interpretation of 
observed behavior. A partial diagram, 
however, which is capable of such inter- 
pretation has been constructed by To- 
faute, Sponheuer and Bennek (page MA 
74 R 7) for alloys containing Ip to 12 
per cent chromium. Vertical sections 
show at once why the “simplified” dia- 
grams do not account for the available 
data.—J.S.M. 
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An Almost Complete Assembly of 
ZINC Alloy Die Castings 
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Most Die Castings are specified with this metal. 


An outstanding example of new product design, this paint spray 


air compressor is assembled almost completely of ZINC Alloy Die 
- Castings . . . The new ZINC Alloys furnish the required strength 
AINC for both structural and mechanical parts; can be cast in thin wall 


parts such as the air intake bells. 
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Fifty Years of Aluminum 


HE reference to Blough’s early research work on 
T aluminum in the article by Dix, in this issue, inter- 
ested us, for it was the fact that Blough was making 
good that led indirectly to our own entrance, a little 
over 25 years ago, into metallurgical research. The 
\luminum Castings Co. noted that research was of 
benefit to the Aluminum company, and decided to fol- 
low suit. That Blough was a Cornell product led to 
the Castings company inquiring there for a candidate, 


and our own connection with the Castings company 
resulted. 

In those early days, the information developed by 
Blough and his men was pretty closely held and publi- 
cation of technical information was rare. As time went 
on, ore enlightened policy was adopted, one ven- 
tures \ think very largely through the influence of far 
sigh technical men, such as Blough himself, Dr. 
Jeffrics, Mr, Colby, and of the group such as Dr. 
Frary. Messrs. Edwards, Dix, Templin, ete., which 
they |.ter called to their aid. 

TI men realized that a material such as alumi- 
num, \ith quite different properties from the older 
comin rcial metals, with advantages and drawbacks 
of 11 vn, is used because of its peculiar fitness for 
a gi engineering purpose and that the real choice 
bet materials is made by the engineering staff of 
the which in turn depends on the metallurgical! 
staf verification of the maker’s claims. Thus the 
real lience that must be reached in order to put 
alu m into new commercial uses, is the metallurg:- 
cal | leer, Very wisely, the Aluminum company has 
developed the policy of finding out the facts by ex- 
haustive research and presenting them in such fashion 


that they carry conviction to the scientist and techni- 
cian that they are facts and not unsubstantiated claims. 


One does not need to repeat the work reported by the 
Aluminum company’s research staff in order to accept 
itas the most nearly accurate information available at 
that date. The degree of credence given to the data 


reported from the Aluminum company’s research and 
engineering laboratories has few parallels. This seems 
to us to be a real achievement, and, in the long run, 
perhaps the greatest one of the whole fifty years. 


H. W. G. 


Thoughts on Dr. Hoyt’s Appraisal of 
Notched Bar Testing 


AILURES in metal parts may occur (1) by ex- 
, ceeding the elastic limit and thus getting stretch- 
ing ot crumpling, like a fender; (2) by exceeding 
the endurance limit, like a spring leaf; (3) by impact, 
like dropping a glass on a cement floor, or knocking a 
chip out of the axe instead of the log, by chopping 
Into a knot on a frosty morning with a poor axe. 
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long ago Atchison stated that the three criteria an 
engineer should apply to his steel are the proof load, 
the fatigue range, and the notched-bar value. Tensile 
strength is not in this list, and in fact it is probably 
more interesting than it is important in avoidance of 
actual failures. Perhaps it is so much cited in evalu- 
ation of materials because it is numerically the largest 
of the commonly determined values and sounds the 
most imposing. It does come in, in a fashion, be- 
cause in ferrous materials it usually, though not al- 
ways, happens that the fatigue range is roughly equal 
to the tensile strength. But in so far as this rough 
comparison serves, the far cheaper Brinell test would 
do as well as the tensile. Of course, in non-ferrous 
alloys the endurance limit always has to be directly) 
determined, as it must be for any fine-haired, ap 
praisal of ferrous alloys. 

It may be straining matters a bit to demand a “proof 
load” in order to establish that the true elastic limit 
desired has not been exceeded, when the ordinary ten 
sile test and its stress strain diagram, tell more and 
are not much more costly. At any rate, from the 
early days of materials testing, static failures have 
been pretty well guarded against by tensile testing and 
the way to make the test is well understood. 

Fatigue failures puzzled engineers who had de- 
signed on the yield strength basis until Prof. Moore, 
and many other workers in that field, brought about 
a better understanding of the effect of repeated stress, 
of endurance testing methods, and of local stress con 
centration. However, the polished-specimen endur- 
ance-limit basis of engineering design still leaves some 
corners unswept so that “crackless plasticity” and the 
“damage line,” i.e.—ability to withstand overstress, 
are being studied in order to explain and prevent the 
residuum of failures that occur in spite of intelligent 
design and intelligent testing on the basis of present 
knowledge. 

The third cause of failure, that occurring under im- 
pact, especially when the impact is applied to a part 
so designed or mis-designed as to have stress con- 
centration, as at a notch, is now being given thought- 
ful attention. Among those who are outstanding in 
the study of notch-brittleness is Dr. Hoyt, long an 
advocate of notched bar testing, who discusses the 
problem in illuminating fashion in the article now 
being published serially in Mrerats & Attoys. We 
can recall when his was “a voice crying in the wilder- 
ness” and when impact tests were not at all in good 
odor among most engineers. Metallurgists generally 
turned up their noses, too. : 

The engineers and metallurgists of the arsenals of 
the world, however, were very sure that there was a 
good correlation between poor notched bar tests and 
big guns that would burst. Aircraft designers and 
metallurgists found that the proper steels for airplane 

(Continued on page 34) 



























Two SC Eutectrol Continuous Gas Carburiz- 
ing Furnaces. SC Carburizsing Gas Preparation 
Unit shown at left. 











Fifteen 
SC Cya- 
nideFur- 
naces. 
















View of heat treating depart- 
ment looking across top of car- 
burizing furnaces toward bat- 
tery of cyanide furnaces. 


INDUSTRY’S DEPENDENCE 


In the Heat Treating Department of a large-scale production 
industry there must be utmost dependability. Inspection of heat 
treated parts is exacting, tolerances are held to close limits, rejects 
are ruinous. Continuous and economical operation with a minimum 
of maintenance is vital. 


It is, therefore, testimony of Industry’s confidence when a heat 
treating department like this installs a battery of 15 SC Cyanide 
Furnaces, one SC Five-Station Lead Hardening Furnace and two SC 
Eutectrol Continuous Gas Carburizing Furnaces with SC Carburiz- 
ing Gas Preparation Unit. 

Five-Station Lead Hardening 


Perhaps your heat treating requirements are not so great or so 
Furnace. 


varied. Surely they are just as exacting. You can depend on SC 
equipment to be properly engineered and constructed for your job. 
Write for information. 
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Fifty Years of Aluminum Alloy 


Development 





By E. H. DIX, JR. and J. J. BOWMAN 





Chief Metallurgist and Metallurgical Division, respectively, Aluminum Research Laboratori 


New Kensington, Pa. 








The Aluminum Research Laboratories. The modern counterpart of Charles M. Hall’s woodshed laboratory. 


Ik TY YEARS AGO this month, Feb. 23, 1886, 


to be exact, Charles M. Hall first succeeded in pro- 

ducing aluminum by the electrolytic reduction 
process. The metal itself was not a new discovery, as 
Oersted had isolated it in his laboratory some 61 years 
earlier, and it was even then (1886) in commercial 
production. 

Hall at the age of 22 achieved what many great 
chemists had failed to do after a half century of work. 
Interested in chemistry from boyhood, he spent the 
year atter his graduation from Oberlin College in a 
search for a cheap and convenient method of separat- 
ing aluminum from its ores. Early in February, 1886, 
he found that cryolite was the bath needed for his 
electrolytic process and on the 23rd of that month, 
When he substituted a carbon for a clay crucible, he 
produced the first shiny globules of metallic aluminum. 
M ith this discovery by Hall was born the modern com- 
mercial history of the aluminum industry. 


Early Samples of Aluminum 


ee ° ° 

Prior to 1886 aluminum was commercially produced 
by the sodium reaction process but it was a rather 
costly metal and was, therefore, principally employed 
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in jewelry and novelties. Perhaps the largest piece of 
jewelry was the 100-ounce cap piece for the top of the 
Washington Monument produced at a cost of $225. 
When first made, it was displayed in the window of 
Tiffany's, New York. The cap was of “pure” alum- 
inum with the impurities, iron, silicon and copper, in 
about the same amounts as are found today in com- 
mercially pure metal. Newspaper accounts of the in 
stallation of the cap in 1884 stated that aluminum was 
used abroad for buttons and other parts of the soldiers’ 
uniforms in order to reduce weight and permit them 
to carry more ammunition. This was the first recog- 
nition of the importance of the light weight of alumi- 
num in transportation. 

Any attempt to give in detail the history of alumi- 
num alloy development during the 50 years from the 
Hall discovery to the present would be impossible in 
the space limitations of the present article and would 
make dry and uninteresting reading. Instead, the 
authors will try to touch upon the alloys which have 
played an important part in the growth of the industry 
in the United States and will mention only those de- 
velopments abroad which have been influential in af- 
fecting the course of development here. No attempt 


29 





will be made to assign individual credit for the develop- 
ment of a number of important alloys, for in these de- 
velopments many research and production men have 
had their influence. Occasionally those names, recog- 
nized as being associated with major developments, 
will be mentioned. 

Prior to the Hall invention, laboratory studies of 
the properties of many aluminum alloys had been 
made but, owing to the high cost of the metal at that 
time, the combinations of principal interest were 
those of pleasing color or with special properties suit- 
able for instruments and similar applications. Except 
for the use of the metal in aluminum bronze struc- 
tural applications as we know them today did not 
exist. 

With the successful production of aluminum by 1 
Hall process the necessity of alloying some other 
metal or metals with it to improve the mechanical 
properties or casting characteristics became evident. 
The alloys used in the first 10 or 15 years after this 
are rather hard to accurately determine, however, as 
great secrecy surrounded those which proved most 
popular. A review of the literature indicates, though, 
that common additions included zinc, nickel, copper, 
iron, tin and manganese. 


| 
i 
I 


ie 


Zinc an Early Addition 


It was recognized at an early date that zinc addi 
tions produced marked increases in strength, and alu- 
minum-zine alloys were used frequently. One of these 
was a 33 per cent zinc casting alloy developed by 
Andrews and Hunt at Cornell University and subse- 
quently popularized as “Sibley Alloy.” The wrought 
allovs generally did not contain such high zinc, and 
indeed 15 per cent soon became the maximum for 
both cast and wrought compositions. 

This early choice of zinc was unfortunate and 


Charles Martin Hall. A statue cast from the metal he made 
commercially useful. 












added greatly to the problems which beset the early 
utilization of aluminum. The alloys were hot-short. 
had poor corrosion resistance and, with high zinc con- 
tent, were unstable. Efforts to improve the situa- 
tion led to the use of copper as an alloying element 
both separately and in combination: with zinc. An old 
alloy of the aluminum-copper-zinc type was one com- 
monly referred to as No. 31 alloy. 


Transition to Al-Cu Alloys 


The transition to aluminum-copper alloys apparent- 
ly was just well under way when the automobile in- 
dustry was born. This new industry soon became qa 
substantial customer for aluminum castings and was 
partial to the copper alloys because they were some- 
what lighter than those containing zinc. The com- 
bined circumstances eventually resulted in the estab- 
lishment of the well-known No. 12 alloy containing 8 
per cent copper. For the next several years, this com- 
position was the principal casting alloy used—in fact, 
it remained the mainstay of the foundry business until 
fairly recently. 

About the earliest wrought alloy of record in this 
country was one containing apparently about 4 per cent 
nickel. This alloy was advertised for sale in s)eet 
form as early as 1894. Manufacturing difficulties al- 
most immediately led to the substitution of a 2 per 
cent copper alloy. This alloy also was used for the 
first electrical transmission lines, but high elect ical 
conductivity combined with the required mecha: ical 
properties seemed impossible. The ingenuity o. an 
electrical engineer of the Aluminum Co. of Ame ica, 
William Hoopes, did what the metallurgist was un- 
able to accomplish. Mr. Hoopes designed a cable « om- 
bining strands of pure aluminum, for conduct) ity, 
with a steel core, for strength. The developmen. oc- 
curred in two steps, first the stranded aluminum-: able 
and second, the steel reinforcing core. This now-.:ell- 
known A.C.S.R. (aluminum cable steel reinforce: ) is 
today satisfactorily serving the power compan in 
some 430,000 miles of lines. 


Birth of the 3S Alloy 


It was under similar circumstances that, in 106, 
the development of the oldest present-day wrought al- 
loy was achieved. Sheet aluminum camera cases, to 
which an imitation leather covering was cemented 
with a corrosive adhesive, were being returned in a 
badly corroded condition from areas having a _ hot, 
humid climate and, unless something was soon done, 
a good customer would be lost. Dr. Earl Blough, now 
acknowledged as a pioneer in the aluminum industry of 
this country, but then a recent graduate from Cornell 
University working on a project for treating aluminum 
to make it look like copper or brass, took time from 
this, to his mind, unimportant project to study the 
new problem. Using the Frick Conservatory (in Pitts- 
burgh) as a testing ground, because its atmosphere 
simulated that causing trouble, Dr. Blough expedt- 
tiously arrived at substantially the present 35 com- 
position (1.25% Mn). 

In accord with the existing custom, the alloy was 
not patented nor was its composition spread over the 
pages of the technical journals. In fact, when frst 
produced the alloy was assigned the number previous 
ly used for the inferior composition it supplanted. The 
development not only saved the business immediately 
threatened, but also served to introduce a material of 
moderate strength and of an entirely new order of 
corrosion resistance. Curiously enough, the alloy % 
but now receiving recognition in technical circles 0 


— 
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certain foreign countries, although it has been used 
‘n substantial amounts in this country for nearly 30 
years. 

~ To the further credit of 3S, it should be pointed out 
that nearly a quarter of a century passed before a new 
common alloy (strain-hardened type) was sought for 
and developed. This later development was 4S, an 
alloy similar in composition to 3S except for the 
addition of about 1 per cent magnesium but with 
substantially higher strength. For applications requir- 
ing strengths higher than available with 3S but low- 
er than commonly developed by the heat-treated al- 
lovs. 4S serves an excellent purpose. 


Duralumin Appeared in 1910 


About 1910 a development, which was destined to 
have far reaching effect not only on aluminum alloy 
development but on all metallurgical thought, was an- 
nounced. This was the discovery by Wilm of the 
heat-treatable alloy duralumin; the result of a sys- 
tematic study of the aluminum-copper-manganese- 
magnesium alloys. About 1906, he found that some 
of these compositions could be heat treated and would 
subsequently age-harden. Further study was _ neces- 
sary to define the treatment necessary for consistent 
results so that, although the composition patent was 
issued in 1907, the heat treatment patent was not issued 
until 1909. 

The Wilm discovery was much more than an al- 
loy invention because the composition which he de- 


veloped was susceptible to a marked improvement in 
properties by heat treatment. Although Wilm’s inven- 
tion sulted from systematic work, there is little in 
the liicrature to indicate that he understood the reasons 
for the effectiveness of his invention. It remained for 
Meric:, Waltenberg and Scott, about nine years later, 
to announce their precipitation-hardening theory, 
which satisfactorily explained the mechanism of hard- 
ening ‘n duralumin and now is a principle upon which 
not heat treatable aluminum alloys but also sim- 
ilar s of other bases are being developed. 

The Wilm alloy, familiarly called duralumin, was 
very remarkable in that it employed the two best solid 
solution hardening constituents, CuAle and Mg»Si, and 
the best insoluble element for grain size control and 
reinforcement of the solid solution matrix, in amounts 
so wel selected that the composition has persisted to 


the present time with relatively little change. Evén’ 
though the composition has not changed, methods of 
alloying and of fabricating have advanced tremendous- 
ly, so that the duralumin (17S-T) produced in Amer- 
ica today is a vastly superior material, having recog- 
nized exceptional uniformity of properties, much im- 
proved corrosion resistance, and availability in forms 
and sizes hardly anticipated in Wilm’s time, be it large 
sheets for truck bodies or extruded and rolled struc- 
tural shapes for railroad cars and bridges. 


Modification of Duralumin 


Although the Wilm composition has persisted with- 
out change, many useful modifications have been de- 
veloped to meet specific requirements or particular 
helds of application. The advanced development of 
the forging art in America is due in no small measure 
to the development, by Jeffries and Archer and their 
associates, of the Aluminum Research Laboratories, of 
‘wo alloys employing separately the solid solution 
hardening elements of the Wilm alloy. The alloy 25S 
depends on CuAle and the alloy 51S on Mg.Si, but 


both alloys have added silicon which aids materially 
mm attaining high strengths in the precipitation hard- 
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The Crown jewel of the Washington Monument. During fifty years’ 
exposure to the elements, lightning alone was able to leave an 
impression. 


ened temper. The addition of silicon to the duralumin 
composition also was found to make this alloy amen 
able to improvement in strength by artificial aging, 
from which resulted the alloy compositions C175, 
super-duralumin and 14S. There were also the fur 
ther modifications obtained by reducing the amount of 
alloying elements to obtain improved workability in 
such alloys as A and BIZS. 

At this point should be mentioned a group of alloys 
developed by Victor Hybinette, in which MgeSi is the 
principal hardening element. They also contain about 
1 per cent of nickel, some copper and zinc, and very 
small amounts of other elements such as chromium, 
molybdenum and manganese. These wrought alloys 
have the reputation for good workability but cover 
quite a range in workability and physical properties. 
They were originally known as Hyblum but have more 
recently been called Nicralumin. 


Alclad for Aircraft 


Within the last decade the contributions of the 
Aluminum Research Laboratories have dominated the 
aluminum alloy development in the United States. In 
the wrought alloy field, Alclad sheet was the first 
major development of an aircraft structural material 
since Wilm’s discovery. When duralumin sheet was 
first used in aircraft, the necessity for protecting the 
thin sections from corrosion was not appreciated, and 
the consequent corrosion of these thin sections was a 
major factor in retarding the further development of 
aluminum alloy aircraft structures. Methods of pro- 
tection by adequate paint coatings, using an oxide film 
produced electrolytically (anodic oxidation) as a base, 
were meeting with a fair degree of success when the 
first Alclad sheet was produced commercially and em- 
ployed for the metal covering of the only metalclad 
airship, the Navy ZMC-2. This metal gas container, 
formed of Alclad 17S-T sheet only 0.0095 in. thick, 
has now successfully withstood six years of service 
without any surface protection and with no harmful 
corrosion. Aluminum coatings on aluminum alloys 
had been the subject of at least two foreign patents 
and the Bureau of Standards had demonstrated the 
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The Only Metal-Clad Dirigible. 


efhcacy of a sprayed aluminum coating on 17S as pro- 
tection against corrosion; but it remained for the 
Aluminum Co. of America to successfully produce 
aluminum-coated sheet commercially and to recognize 
that the higher solution potential of the pure aluminum 
exercised electrolytic protection over the core, in which 
the solution potential had been lowered by copper in 
solid solution, 

This principle of electrolytic protection has been 
further utilized in developing other Alclad combina- 
tions, in which a core alloy of such solution potential 
that it would not be protected by pure aluminum is 
coated with an alloy to which dates have been add- 
ed to raise the solution potential and so give the 
necessary electrolytic protection. Such a material, Al- 
clad 72S(3S), has been successfully used for alum- 
inum Mason jar caps and containers in which a high 
resistance pitting is required. 

Although the coating on Alclad 17S-T sheet weighs 
scarcely as much as a good protective paint coating, 
there has been considerable reluctance on the part of 
aircraft engineers to employ this somewhat higher-cost 
material because it requires a_ sacrifice in initial 
strength of the structure. To meet this objection, an 
alloy core of the duralumin type was developed so that 
in Alclad form, the product would have the strength 
of unclad duralumin. Again the aircraft engineers, 
concerned primarily with ‘weight reduction, seemed to 
prefer the additional strength obtained in the new 
core alloy without the protective, pure-aluminum coat- 
ing with its resultant added weight. Thus was born 
another modification of the duralumin composition 
(24S) of higher strength and equivalent corrosion re- 
sistance. 

As the exceptional merit of the Alclad products be- 
came more obvious, there has been a gradual but steady 
increase in the use of Alclad 17S and Alclad 24S 
sheet, in both the T and RT tempers, until today one 
of the principal manufacturers of transport planes is 
almost exclusively using Alclad 24S without any sur- 
face protection. 
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Helium Gas is held in this riveted shell of 0.0095 in.-thick Alclad 17S-T sheet, which has satisfactorily with- 
stood atmospheric corrosion without any surface protection for more than six years. 





27S and 53S Developed 


Modern alloy development is based upon we'l- 
grounded metallurgical fundamentals, but even so in 
important strong alloy development resulted from 
most pure chance, J. A. Nock, Jr., of the Aluminum 
Research Laboratories, was surprised one day to find 
that a duralumin-type alloy, which he had made and 
heat treated, had a yield strength fully 50 per cent 
higher than normal. The reason for this improvement 
remained a mystery for several years despite repeated 
efforts to find the cause. Finally persistence won and 
a new structural aluminum alloy, 27S, having an es- 
pecially high yield strength and, still more rem: ) 7 ¢, 
good corrosion resistance in the artificially aged tem- 
per was developed. 

Since the time of Charles Martin Hall, the reduc- 
tion plants in the United States, spurred on by the 
development of a new process (Hoopes cell) for elec- 
trolytically producing aluminum of exceptionally high 
purity, gradually have increased the average purity 
of the aluminum produced. This has permitted the 
development of alloys of exceptional corrosion resis- 
tance by the employment of high purity aluminum in- 
got. Asa product of depression research in the Alum- 
inum Co. of America, 53S was developed to meet a 
specific requirement of extruded window sections. 
High corrosion resistance was necessary and a high 
purity aluminum base indicated. Actually, the new 
alloy was on the market 60 days after its requirements 
had been defined. 


Fundamental alloy constitutional studies, conducted 
patiently in the laboratory over a period of years, 
formed the basis for its development. Well developed 
accelerated laboratory testing methods and close co 
operation of research and production departments 
combined to make this rapid development possible. 
The alloy composition is simple enough but its suc 
cess depends on intelligent selection and careful con- 
trol not only of the intentional alloying elements but 
also of the usual impurities. 

So successful was this alloy, intended primarily for 
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extruded window sections, that it is now finding large 
application in a variety of extruded sections for archi- 
tectural applications, in sheet for railroad and bus 
construction and in various forms for marine use. 
Paralleling the development of 53S in the utiliza- 
tion of high purity metal to obtain maximum corro- 
sion resistance, and also during the depression period, 
came the alloy 52S, containing 2.5 per cent mag- 
nesium and 0.25 per cent chromium. The magnesium 
concentration was selected so as to give a non-heat 
treatable alloy of moderate strength which could be 
produced at a commercially reasonable price. Both 
in this and in the use of high purity aluminum, this 
alloy differs from many foreign compositions employ- 
ing substantially greater amounts of magnesium. 
‘During the war period the use of aluminum castings 
creatly increased and several modifications of No. 12 
alloy were used. One of these was the addition of iron 
to improve the foundry characteristics while another 
was the addition of magnesium to increase the strength. 
These modified alloys were never very popular. Later, 
additions of zinc, partly as a result of mixed scrap, 


were made to No, 12 alloy, and in one important modi- 
fication the silicon content was increased to give an 
alloy of better casting qualities, so that today the or- 
iginal No. 12 alloy composition is of minor impor- 
tance 

WI! the exigencies of the war had passed and 
time was available for systematic examination of pos- 
sible casting alloys, the aluminum-copper-iron-zinc 
series \vas studied. After some investigation, an alloy 
designiied as No. 145 was introduced and found to 
consi tly produce sand castings with a good com- 
bina f strength and ductility. 

The Y Alloy 

Abs this time (1914-19) English metallurgists 
likewi:: had been working with a number of casting 
alloy had been more interested in aluminum-zinc 
or al um-copper-zine compositions. However, they 
had ined a number of other alloys, because of 
the | igh-temperature strength of alloys contain- 
ing and had selected the now-famous Y alloy 
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Modern Style in Railroad Equipment. The aluminum “Comet,” 











The Alclad 24S-T Interior Structure of a Douglas Transport. No 
surface protection is required for this use. 


(nominally 4% copper, 2% nickel, 1.5% magnesium, 
balance aluminum) for high-temperature applications. 
This alloy, with modifications, has been used in this 
country for castings and forgings (18S) and, in Eng- 
land, it has formed the basis for the RR series of cast 
and forged materials. 

After the war the demand in this country for higher- 
strength castings became more insistent and thorough 
studies of heat treatable alloys were undertaken. Some 
experiments in the heat treatment of castings had been 
carried out with indifferent success but Jeffries and 
Archer finally determined the conditions necessary for 
success and a heat-treated 4 per cent copper alloy 
(195) was introduced. A modification of this alloy 


which utilized the results of modern aluminum alloy research. 





(196—containing a small amount of magnesium) was 
also developed, but the original alloy continues to be 
used for a large part of the aluminum castings made. 

About 1920, casting alloy developments were ac- 
celerated by Pacz’ discovery of modified silicon alloys. 
Previously, it was the general belief that silicon ad- 
ditions were undesirable but study demonstrated that 
certain of the low-silicon alloys were of value. They 
have since served both a useful purpose in the foundry 
and as the basis for further developments. 


Pacz Alloys and Die Castings 


Although Pacz’ modified, high-silicon alloys never 
proved very popular for sand castings in this countr 
the establishment of the aluminum die casting indus 
try in the United 
fluence. 


States must be credited to their in- 
In europe, however, where the heat treat- 
ment of castings has remained undeveloped, high-sili- 
con alloys such as “Silumin” and “Alpax” are used 
quite extensively. 

The heat-treated 4 ag cent copper alloy (195) had 
by this time attained a fair degree of popularity but 
was not entirely iaties from a foundry view- 
point, for intricate castings. Experience with the sili- 
con alloys suggested their use as a possible solution 
for some of these difficulties if a heat treatable com- 
position could be found. Two alloys ultimately were 
selected, Nos. 355 and 356 having heat-treated prop 
erties approaching those of 195 alloy but better foun- 
dry characteristics. 

In this brief history, which has been limited to 
sand casting alloys, only a few of the more important 
compositions have been mentioned. The sand casting 
business is a custom trade and has many special prob- 
lems for which special alloys are employed, but the 
limited space prevents their description. 


“st 


Alloys for Permanent Molds 
Sand castings, however, do not constitute all of the 
aluminum castings business: Permanent mold castings 
are important. One of the first alloys used for per- 


manent mold castings, then principally pistons, was 
the copper-iron-magnesium alloy (122) ; an alloy which 
remained the standard until recent years. The search 
for a better-wearing aluminum piston alloy of lighter 
weight and a lower coefficient of expansion led to the 
development of an alloy containing silicon, magne- 
sium, nickel and copper (132). This alloy had satis- 
factory casting and mechanical properties and a 15 
per cent lower coefficient of expansion, but was diffi- 
cult to machine. The introduction of tungsten carbide 
cutting tools later solved this problem and 132, or 
“Lo-Ex’’, alloy now is used widely. The final success- 
ful utilization of this piston alloy was due in no small 
measure to the continued and persistent efforts of L. 
W. Kempf of the Aluminum Research Laboratories 

Asa by product of the development of casting al 
loys, two forging alloys were developed for special 
uses. One of “these. 18S, resulted from modifications 
of 142 alloy while the other is a variation of 132 
alloy. The latter, 32S, generally is used for the pro- 
duction of forged pistons. 

Several of the more recent casting developments are 
in the aluminum-magnesium group of alloys. This 
type of material was investigated somewhat many 
years ago but was discarded as useless. Later, a series 
of aluminum-magnesium alloys (Magnalium) was de- 
veloped and used to some extent in Europe but did 
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(Continued from page A21) 


undercarriages to stand rough landings were those 


of fair notch toughness values. Hoyt cites tractor 


experience and General Electric experience along the 
same lines. Then the fact became clear that the pe- 
culiarity of some materials in showing now a high 
and now a low, value in room temperature notched 
tests was not due to innate cussedness of the test but 
to the material tested being in the temperature range 
of transition from a high to a low toughness, so that 
at higher or lower temperatures duplicates would 
check. Without any hullabaloo or any official con- 
certed action, engineers began to demand impact data 
and metallurgists began to supply them, so that today 
no one thinks of describing a new alloy for struc- 
tural uses without stating its impact properties. This 
attitude has spread all over in much the same spon- 
taneous fashion as opposition to the “New Deal” has 
spread in the last two years. Everybody got wise to 
the true situation just about the same time. 

A nice thing about the impact test is that it is a 
quick and easy one. Hence the cost of a few added 
tests, if by them we can get added information, does 
not lead to disgruntlement. When Hoyt points out 
that one needs both a narrow and a broad specimen, 
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not prove popular in this country. The alloys most 
recently exploited here contain from 4 to 10 per cent 
magnesium and all have a relatively high purity base. 
All have extremely high resistance to corrosion, w iile 
the 10 per cent magnesium alloy has unusually | igh 
mechanical properties, although special foundry h- 
nique is required to secure consistently good casti igs. 

This article hardly can be completed without ne 
reference to the most recent development in this f: ‘Id; 
that of free-cutting alloys. It represents the culm na- 
tion of many years’ effort but is so recent that its \ lue 
can not be fully assessed. It is enough to say tha the 
previous limitations of aluminum alloys for screw na- 
chine work have been removed by the new alloy 11S 
and perhaps tests on both sizes at some temper: ‘ure 


below normal, in order to sieve out materials that 
might happen to show up all right on the standard 
test at room temperature, but are on the ragged c:ige. 

Impact properties are like the individual with indi- 
gestion, when he’s free from it he’s pleasant as cam 
be, when he has it, he’s an awful grouch, and unless 
you meet him when he does have it, you’d never sus- 
pect that he could be grouchy. Older readers will 
also think of the similarity to the little girl with the 
curl. This fact, as pointed out by Hoyt, is becoming 
understood and no informed individual thinks that a 
40 ft. lb. material, is just twice as good as that with 
20 ft. lbs. 

The factors of ability to deform locally and to 
harden up but slowly on cold working as deformation 
proceeds, which Hoyt emphasizes as desirable for 
low notch-susceptibility are interesting in comparison 
with those necessary to good performance under re 
peated stress in the presence of stress-raisers, which 
are usually taken as ability to deform locally and to 
harden up rapidly on cold-working. Maybe whef 
the notched bar problem gets fully cleared up, the 
stress distribution problem in fatigue will be, too, OF 
possibly we many find that enough tests along both 
lines, and a proper correlation of them, will evaluate 
material for practical service under conditions in 

(Continued on page 50) 
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Testing Society’s Specifications 





tor Steel Castings— II 


By R. A. BULL 


Consultant on Steel Castings, 541 Diversey Parkway, Chicago 


N THE FIRST installment of this article, [ MeTacs 


AND ALLoys, January, 1936], reference was made 

to two problems presented in the recent efforts to 
modernize specifications for carbon steel castings. 
One of these problems has not been fully appreciated 
by tl metallurgists who have not had opportunity 
to observe the varying conditions produced by the sev- 
eral lied methods of manufacturing test material 
in the steel foundry. 


Consistently Developed Use of Separately Cast Coupons 


Ci ntional specification clauses in the past have 
called ‘or test coupons to be cast separately or to be 
cast ; hed to commercial steel castings. Some of 
the la: r specifications have prescribed (with discrim- 
inatin: justification) that test coupons shall be cast 
separ:'«ly when the design of the ordered castings is 
such to produce by coupon-attachment either an 
unso! condition of the coupon or an injury to the 
comn al casting. There are cast parts that afford 
suitab!: opportunity for feeding coupons that are di- 


rectly attached thereto for their entire length, but a 
the expense of satisfactory properties in the affecte 
locations of the purchased castings. Obviously it 1s 
ridiculous to assure the soundness of test material in 
any manner that might injure the commercial product 
by “bleeding” it to compensate for the natural con 
traction of the coupon-metal. The writer has seen 
what would have been sound castings ruined by effect 
ively feeding coupons attached for their full length 
to the parts designed for service. 

As this and other practical problems have become 
better understood by consumers, the practice of sepa- 
rately casting steel foundry test coupons has become 
increasingly preferred. It may be remarked here that 
only in the steel branch of the foundry industry is 
there followed today with any frequency the practice 
of determining metal properties by means of a test 
piece cast integrally with the commercial product. For 
many years it has been the custom to evaluate the 
metal for gray iron, malleable iron, and non-ferrous 
castings by means of test coupons cast independently. 


t 


High Frequency Induction Melting Equipment for Making Alloy Steel Castings. (Courtesy of Taylor-Wharton Iron & Steel Co.) 
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Equipment for Controlling Molding Sand Practice. (Courtesy of 
Sivyer Steel Casting Co.) 


The latter practice has sound elements of accurate 
comparison in its favor. Everyone who knows much 
about the founding of metals realizes that the proper- 
ties in a casting are dependent to a very large extent 
on the design of the piece. Considerable has been 
written on the influence of mass and such injurious 
design factors as sharp corners, marked inequalities 
in member-thickness, etc. Because of the relatively 
high degree of shrinkage or contraction that charac- 
terizes steel, good metallurgical design is even more 
to be desired for the production of steel castings than 
for the manufacture of parts cast from iron and cer- 
tain other metals that contract to lesser extent than 
does steel. 


Some Deficiencies Caused By Very Slow Cooling 


Metallurgists know that the production of large 
crystals, dendrites, and segregation is materially facil- 
itated by retarded cooling incidental to the solidifica- 
tion of large masses of steel. But it is not mass alone 
which, by slowing up the cooling rate, produces these 
undesirable results in the ordinary steel casting. The 
nature of the mold used to form a member of given 
thickness has a contributory influence on the time re- 
quired for cooling. Obviously a green sand mold 
carrying the originally supplied amount of moisture 
(minus the small loss caused usually by evaporation ) 
will exert a more rapid cooling effect on a given vol- 
ume of liquid steel of given temperature and compo- 
sition than will the same amount of molding sand that 
has been well baked. And the fact that more than 
member-thickness and sand condition are involved will 
be appreciated by visualizing the solidification of a 
cast plain slab 6 in. wide and 3 in. thick, and a cast 
channel 6 in. wide having all members 3 in. thick. It 
is obvious that, under comparable conditions of metal 
temperature and of molding sand, the slab will cool 
more rapidly than. will portions of the channel. The 
cooling rates would differ to even greater extent if an 
H or a box section having member-thicknesses of 3 in. 
were substituted for the channel. 


Of course it is the purpose of the designer and the 
foundryman to obtain, so far as possible in each mem- 
ber of most commercial steel castings, those properties 
that are inherent in the selected grade of metal, prop- 
erly heat treated (as usually required) for a given 
purpose. And the main objective sought in prescrib- 
ing physical test values is to assure the buyer that the 
metal is of satisfactory quality. 


36 


Unique Test Bar Requirement in New Specifications 


It is now relevant to discuss the unique feature of 
Specifications A180 (miscellaneous carbon steel cast- 
ings), issued in 1935. Their tensile requirements have 
been prescribed with manifested regard for the rela- 
tionship between the method of manufacturing test 
material and the physical properties of the latter. It 
is provided that the test coupons shall be designed by 
the manufacturer; that they may be cast separately 
unless otherwise specified or agreed to between pur- 
chaser and manufacturer; and that when the test 
coupons are cast attached to a commercial casting, the 
manufacturer may select the location for the coupon 
and may provide for its attachment directly or by 
means of a runner. Thus it becomes the sole privi- 
lege of the foundryman to depart from the indicated 
paths of safe testing procedures, if he cares to take 
the chance. 


The specifications contain a note stating, in effect, 
that lower combinations of physical properties than 
those characteristic of coupons, so made as to cool at 
moderate speed, are obtained when testing specimens 
from coupons attached for their entire length directly 
to massive casting members of such nature as to make 
the coupons cool very slowly. It is further explained 
that greatly retarded initial cooling develops a larger 
granular structure than that found in coupons of the 
customary kind, made as ribs on test pieces of {eel 
block design; and that large grain size has an impor- 
tant influence on the properties of the steel in the 
“as-cast” condition, and on the extent to which such 
properties may be affected by an applied heat treat- 
ment. 


To prevent misunderstanding, it should be expla‘ned 
that no deceptive motive has been responsible for the 
fact that prior to 1935, A.S.T.M. specifications for 
miscellaneous steel castings contained no language 
indicating that test values are dependent partly on the 
factor that has been mentioned. The serious techni- 
cal need for differentiation developed a few years ago, 
emphasizing a condition which had been recognized 
more or less academically by many producers and 
some consumers. It would now be improper in any 
way to disregard the fact that differing results may be 
obtained from one heat of foundry steel, depending 
on the method of producing the test material, And of 
course it would be reprehensible to convey the idea 
that the physical properties in suitably produced test 
coupons are substantially like those that might be 
found in all portions of most commercial castings 
made in the same heats. 


The designing engineer who has had much experi- 
ence is well aware of the fact last mentioned. The 
average mechanical engineer may not have realized 
the extent of mass-effect which has been recently em- 
phasized. The inexperienced designer whose atten- 
tion is drawn to the matter might reason that the 
irreducible amount of resistance to anticipated stress 
in a vital member of one of his castings could only be 
definitely determined after destroying the casting for 
the purpose of testing it. Such questions as these 
might then be raised: What may the engineer do to 
assure himself regarding the needed stress resistance 
of the material purchased? What satisfactory pur- 
pose is served by resorting solely to tests of material 
made under conditions that more nearly approach the 
metallurgical ideal than can be provided in all mem- 
bers of the part to be used in service? 
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When the job is sufficiently important to justify 
destructive testing as an exploratory procedure before 
b eginning on volume production i in the foundry (sup- 
plementing one or more of the valuable non-destruc- 
tive methods of appraisal), test specimens may be 
taken from each of the desired number of important 
locations in pilot castings. In this way a very reason- 
able idea is obtainable regarding the stress resistance 
to be expected in all castings from the pattern under 
consideration, provided that they are manufactured 
under proper conditions of control and are intelli- 
gently inspected. (It may be surmised logically that 
such | practical measures, which are quite common on 
large production jobs, were taken in the production 
of .oaamcaitiets 2,000,000 cast metal sty crank 
shafts that have been successfully used in automobiles 
since 

It is - beyond the attainable limits of excellent 
dey a actice to develop such physical properties 
in every portion of each of many castings as would 
equal the properties in a coupon produced under nearly 
ideal conditions, poured from the same heat of steel. 


But this circumstance, when considered in connection 
with all phases of metal part manufacture, provides no 
basis for lack of confidence in the product of the 
foundry. The processing methods used for making 
every kind of metal part influence the degree of stress 
res e in portions of the members: some enor- 
mot others slightly. Of course that is one reason 
why designing engineers use factors of safety. 


Requirements Needed for Evaluating Massive Full 
Annealed Castings 


inority of cases (which nevertheless are com- 


mer pa ll because of the service rendered 
by arts concerned), the common practice has 
been ittach test coupons for their entire length and 
wid rectly to thick members of certain steel cast- 
ings are of such large proportions as generally to 
be s ed to a full annealing treatment of much 
long ration than the customary one for such cast- 
ings e full annealed in preference to normalizing. 
Bridge castings are among those in the category first 
ment L, 

The personnel the special committee that devel- 


oped cifications A180 included individuals who 


Heating Small Alloy Steel Castings 
to Meet Exacting Requirements 
‘Courtesy of Sivyer Steel Castings 
Co.) 
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collectively were familiar with every variety of steel 
casting that is now produced; including pieces ranging 
in weight from a couple of ounces to 200 tons, in 
over-all size from an inch or two to as much as 70 
ft., and in member-thickness from 1% in. to several 
feet. Under these circumstances the committee con- 
sidered its job as being incomplete, when Specifica 
tions A180 were developed in their present form. 

Much study has been given to the yet unsatisfied 
needs of those engineers who believe that certain car 
bon steel castings (usually because of massive sections 
but sometimes because of intended application, without 
the incidental feature of great member-thickness ) 
should have a prolonged “soak” at annealing tempera 
ture and a subsequent very gradual retutfn to room 
temperature. Most of the engineers who are specially 
interested in such castings prefer that their test cou 
pons have full-length attachment to the purchased 
material throughout heat treatment. 

Test specimens made from coupons thus attached to 
massive members and full annealed in the manner just 
described are characterized by a combination of tensile 
properties which is mi iterially lower than the combi 
nation developed by the normalizing treatment usually 
given to carbon steel castings, and ‘considerab ly lower 
than the combination developed by a full annealing 
treatment completely carriec out for a period less than 
12 hr. on the test specimen from a coupon molded 
under conditions permitting it to cool rather quickly. 
The greatly retarded initial cooling, because of the 
coarse structure thereby produced, calls for more heat 
to develop granular refinement. And the softening 
effect is, to considerable extent, proportional to the 
amount of heat applied before starting to lower the 
maximum temperature. 

It is not assumed that the above statements convey 
new information to the average reader of MeTALs & 
Attoys. The purpose of the comments is to demon 
strate the insuperable difficulty of establishing an ac 
ceptability standard that would, with the same degree 
of tolerance, fit all cases of test specimens supposedly 
representing full annealed castings. Prolonged con 
sideration has resulted in no feasible plan of defining 
or classifying the purchased material on the basis of 
thickness of predominant members or of specified 
minimum time of full annealing cycle. 























































It may be found advisable merely to establish two 
sets of required tensile properties; one for normalized 
material, the other for full annealed material pre- 
sumed to have such massiveness as might prompt the 
cautious buyer to rely on test data resulting from a 
very long “soak” and a greatly retarded cooling within 
the annealer. If specifications A 180 ultimately are 
revised in this manner, probably many engineers will 
be surprised to see the differences in the obtained 





Cast Steel Blocks Made to Ascertain Effect Heat Treatment As In- 
fluenced by Mass. (Courtesy by Michigan Steel Casting Co.) 


physical properties. This is apt to increase the popu- 
larity of normalized material, when the castings have 
members that are not extraordinarily thick. And it 
may be mentioned here that the huge majority of 
carbon steel castings are of such nature as to make 
normalizing preferable to full annealing, for attaining 
maximum stress. resistance with minimum weight. 
Turbine and certain other castings for ships are in 
the thin-member category of material frequently re- 
quired to be full annealed, while huge c castings for 
bridges and dams are in the thick-member category. 
[It will be evident that the term “full annealing,” while 
it means oven cooling as an essential detail, conveys 
different ideas to different people. A cycle of less than 
12 hr. may be as beneficial in one case as the cycle of 
two weeks in another case. When cross sections of 
main members of different castings may actually vary 
by a ratio of one to two hundred, it is out of the ques- 
tion accurately to standardize any factor which is par- 
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tially dependent on cooling speed that is not artificially 
accelerated. 


Security Dependent On Practical Measures Easily 
Adopted 


Considerable work that has been done to determine 
the influence of high temperatures applied for ex- 
tended periods of time in causing steel to “creep,” 
indicates that the heat treatment given the metal may 
have a greater effect on its stability at high tempera- 
ture, than that produced by an appreci ible difference 
in the content of some important element of the com- 
position. Perhaps the effect of heat treatment on 
granular structure is not unrelated to the influence of 
cooling rate prevailing in the casting that has just been 
poured. The significance of associating the degree of 
high temperature with the time consumed in its ap- 
plication becomes emphasized from several standpoints 
in considering the steel casting; when it is formed 
originally, when it is subjected to regulated heat for 
adapting its properties to anticipated stresses at nor- 
mal temperatures, and of course when (after any 
needed preparatory treatment) it is placed in high 
temperature service. A better appreciation of some 
of these conditions might prompt some persons to con- 
clude that chemical composition has been credited in 
some quarters with more influence than it exerts. 

The recognition that has been given in recently 
issued specifications to the effects of cooling raic on 
the product of the steel foundry might happily ause 
improvement in designing practice, through the cevel- 
opment of sections whose calculated resistance to 
stresses should be measured discriminatingly on mem- 
ber-thickness. The influence of mass on the duration 
of time for natural initial cooling and for subse- 
quently regulated cooling cannot intelligently be dis- 
regarded. Practical problems of this kind become 
more important as the demand for light-weight © \uip- 
ment increases. Certainly there is now great nee! for 
designers to be guided by the readily observed dem- 
onstrations of metallurgical principles that govern 
commercial manufacture. 

Perhaps this discussion of means for determining 
physical properties in steel castings may be helpfully 
concluded by adding a few comments on what might 
be termed the idealistic nature of some advocated 
methods of producing test material. 

The principal objective in making chemical and 
physical tests on laboratory specimens of any metal 1s 
to determine the properties that are characteristic of 
the material. Admittedly an engineer may deceive 
himself by assuming that the stress resistance in a 
vital member of a casting satisfactorily compares with 
that indicated by testing material formed under such 
conditions as to show what the metal can do when 
given its best chante to perform. 

While it can be said truthfully of many cases that 
every member of a typical cast or wrought part of amy 
metal from a new design represents a separate engi- 
neering problem, it is unlikely that there is great dif- 
ference in the stress resistance of most of the intelli- 
gently formed members of steel castings poured from 
one heat. This does not alter the fact that in many 
castings that give satisfactory service, there are Mr 
dividuz al members so shaped and/or connected as to 
materially lower the resistance of those portions % 
mechanical stresses, compared with the potential resis- 
tance of the steel. Obviously there are a great many 
degrees of reduced stress resistance which are neces 


(Continued on page 43) 
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NOTCHED BAR TESTING —ll 


By S. L. HOYT 


Director of Metallurgical Research, A. O. Smith Corp., Milwaukee 


Continued from the January Issue 


The Notch Effect 


HAVE STATED certain opinions relating to the 
notched bar test and what it is capable of doing, 
but without bringing proof of the correctness of 


those opinions. This seemed to be worth while doing 
even though it did no more than give an outline of the 
general thesis which will be developed. I have indi- 
cated t such proof will require a detailed considera- 
tion ¢ lividual features of the test and of the notch 
effect articular, 

Now. lest there be a misconception here, it should be 
noted the “notch effect” occurs in all materials; 
it is ertain of them which, though normally duc- 
tile, \ t the peculiarity of ‘notch brittleness.” It 
is the t object of the notched bar test to detect 
such n ials and avoid their use in service. Further- 
more, notch effect may be harmful even in notch 
tough rials and it should be part of good. engineer- 
ing | e to eliminate the effect and produce a 
“strea e”’ and axial flow of stress from one cross 
sectiot he other. 

Wh more precise statement of the notch effect 
will be de in a later section, one of the best known 
featurt the concentration of stress and strain at 
the ay f the notch. This effect is well known 


from | erature and has been shown with particu- 


lar cla y the work of Professor Coker and others 
by the of polarized light on transparent models. 
For th sent purpose I am showing how stress con- 
centrati a circumferential notch in a bar of steel. 
This is vn by Fig. 1 which is taken from some early 
work of Preuss. It shows that, though the average 
stress 0 ‘ cross section at the base of the notch is 
only 750 kg. per sq. cm., the longitudinal or normal 
stress right at the notch rises to 1602 kg. per sq. cm. 
and 1859 kg. per sq. cm. in these two cases. The vari- 
ation in stress over the whole cross section is shown 


by the ordinates raised to the curve. Such a concen- 
tration of stress need not necessarily be dangerous, 
tor steel has a very high resistance to cleavage in the 
normal direction and can sustain higher loads of this 
type than we are accustomed to think of as safe. 

Other important features of the notch effect are 
brought out if a sufficiently high load is applied to 
Produce plastic flow. The ordinary’ plain test bar de- 
forms uniformly over its whole length. This deforma- 
tion 1s due to shearing stresses at 45 deg. to the axis 
of the bar. Even though this stress has a magnitude 
of only one-half of the normal stress which tends to 
cleave the bar at right angles to the axis, the resistance 
to flow is so low in ductile metals that plastic flow sets 
in. A circumferential notch has the effect of reducing 
the area which supports the normal stresses. . This 


results in a modification of the stress at the notched 


nei Such that, as the effect of the notch increases, the 


endency to deform plastically decreases and the ten- 
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dency to cleave increases. Kuntze has shown recently 
that the notch effect can be made severe enough almost 
completely to inhibit plastic flow so that fracture oc- 
curs by almost pure cleavage. If we now recall that 
the normal stress at the base of the notch is really 
well above the average stress, it becomes clear that 
the presence of a notch has a pronounced tendency to 
open up the notch as a crack at the notched section 
before any material deformation occurs in the vicinity 
of the notch. These points can be suitably illustrated 
by some tests of Ludwik and Scheu which will be 
briefly reviewed. 

Ludwik and Scheu prepared a series of test bars in 
which the notch effect varied from zero in the first 
one to a maximum in the last. These are illustrated 
in Fig. 2. These test bars were all pulled in a tensile 
testing machine with the results as given in Table 1. 
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Fig. 1. Stress Concentration at Notch. (Dimensions are in milli- 


Radius of notches — 5 mm.) 


meters. 


The diameter of the bar at the base of the notch was 
the same in all cases and was equal to the diameter of 
the straight cylindrical bar,—10 mm. 


Table 1—The Notch Effect in Tensile Tests. Ludwik and Scheu. 


Effect. Elong. 


Tens. Str., Red. RA* Work 

kg. per Elong., of Area, of Rupture, 

Bar sq. mm. per cent per cent 1— RA kg. X cm. 
a 39.6 35.7 69.0 233 10,147 
b 43.8 3 64.6 182.5 2,281 
c 46.2 5.6 58.2 139 1,772 
d 51.6 3.6 42.7 74.5 1,232 
ec 59.2 2.3 32.8 49 905 
f 64.4 1.5 22.5 29.1 710 


* Estimated maximum effective elongation in per cent. 


The figures in the first three columns show that the 
measured strength and ductility are materially altered 
by the notch and that the effect increases as the angle 
of the notch decreases. The most notable change is 
that of the figure for elongation. Reverting to what 
was said earlier about the effect of an impact, it is 
clear that bar “f” would absorb far less energy in rup- 
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turing than bar ‘“‘a’”’ would, for in bar 
of metal affected is materially less than in bar “a. 
The greater stress carrying capacity of bar “‘f” is not 
enough to compensate. The actual hontai in the 
work of rupture is given by the figures in the last col- 
umn. These figures bring out the simple mechanical 
effect of a notch on the behavior of a material in the 
tensile test. We may confidently predict that the notch 
will weaken the bar in impact in the same way. 
Additional familiar examples of the notch effect are 
given by the scratch on a glass rod if it is to be broken 
off, or the nick made in a bar of steel for the same 
purpose. Shatter cracks and transverse fissures in 
steel rails and internal checks in hardened steel must 
also produce stress concentrations and may be re- 
garded as internal notches. An examination of glass 
with polarized light shows stress concentrations around 
“seeds” and presumably the same situation exists 
around foreign inclusions in steel. In fact, in many 
quarters, foreign inclusions have a bad reputation as 
“stress raisers.’ Scratches and surface imperfections 
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Fig. 2. Notched Cylindrical Tensile Test Bars—in Section. (Di- 


mensions are in millimeters). Ludwik and Scheu. 
are also notches which reduce the fatigue strength of 
a bar of steel. 

During super-elastic loading two different types of 
behavior have been observed with material of the 
normally ductile type. If a metal is of the notch sensi- 
tive type it breaks sharply by simple extension of the 
notch as a crack. The crack thus formed becomes a 
particularly sharp notch and greatly aggravates a bad 
condition. If the metal is not notch sensitive (to the 
particular notch effect) the metal at the base of the 
notch flows and reduces the notch effect by increasing 
the radius of the notch though of course the major 
geometrical features remain unaltered. Well-made 
steel and most non-ferrous metals are of this latter 
type. 

Use of the Notch Effect in Testing Steel 


We have now described the effect of a notch in con- 
centrating stresses and in accentuating the tendency 
for a bar to break with low elongation and small energy 
absorption. I hope I have made it clear that this is a 
“notch” effect and not an “impact” effect. 

The simplest type of notched bar test is the notched 
tensile test which we have already discussed. At one 
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time this test was advocated for general use to secure 
a better idea of the true strength of the material than 
is given by the tensile test on plain bars. While the 
point of view was sound enough for some purposes, 
the results were of minor significance technically. In- 
asmuch as it is the work of rupture that furnishes the 
desired criterion of toughness a more convenient 
method to use is that of breaking the bar in impact 
and measuring the energy absorbed in doing so. This 
was the method of Russel who studied the behavior 
of cast iron in impact many years ago. In general 
the impact test gives about the same results as the 
static test, though for most materials the energy ab- 
sorption is somewhat greater.° The difference here 
is about the same as was observed for plain bars 
broken statically and in impact. This method of carry- 
ing out the notched bar test appears to have advantage 

and I understand that one prominent laboratory, ai 
the Watertown Arsenal, has adopted it as standard, 
The method developed by Kuntze for machining a 
notch on a cylindrical bar should find a useful applica- 
tion here. 

Coming to the standard transverse, notched bar, 
impact test we shall not attempt to trace its history, in- 
structive as that would be. Henry Le Chatelier has 
described its birth and evolution in France in a very 
interesting paper’ while Fettweiss has gone critically 
into all phases of notched bar testing very thoroughly, 8 
| know of no such thorough reviews in English. he 
early work described at meetings of the International 
Association for Testing Materials has also been men- 
tioned. The more important tests which came out of 
that early work were those of Barba, Fremont, Baba 
and LeBlant, Vanderheym, Guillery, Charpy — nd 
Heyn. Of these the Charpy test has survived as the 
one best adapted to accurate measurements of ‘he 
energy absorbed in breaking notched bars while the 
test of Heyn is undoubtedly the simplest method of de- 
tecting notch sensitive material. Also at an early ate 
the Izod test was introduced into England and it : ow 
ranks with the Charpy test in this country as a stend- 
ard procedure, though we have no truly danderd est 
in the usual sense. These tests are so well known that 
they need not be described. 


There are some unusual circumstances surroun« ing 
notched bar testing which need to be ironed out be‘ ore 
this test will be on a satisfactory basis in this country. 
At present we select a testing procedure, break a few 
bars to secure checks, and then rate the materia! ac- 
cording to the impact value. If we wish to impose a 
more severe requirement for notch toughness, we 
simply set up the acceptance limit. This principle is 
perfectly sound m general, but, oddly enough, it does 
not necessarily, and may actually not, hold for notched 
bar testing. 

For example, some materials are definitely tough in 
the plain or slightly notched condition and yet are quite 
brittle if the notch effect is more pronounced. In other 
words a high impact value with one notch does not 
of necessity guarantee that the metal will be tough un- 
der all circumstances. We can readily visualize two 
materials whose order of impact values will reverse 
on changing the severity of the notch effect. This 
quantitative evaluation of toughness in a perfectly ar- 
bitrary test is not without the serious psychological 
defect of suggesting that a definite property has been 
measured by the energy absorption. We should re- 
member that we ascertain a certain technological be- 
havior by this test and that we do not measure a ma- 
terial constant. This is inherent in the test as it 1s 


now constituted and our safe guide comes from an un- 
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derstanding of what we may term the “variables” of 


notched bar testing. 


Variables in Notched Bar Testing 


In the early work on the notched bar test, it was 
recognized that a fixed routine should be adhered to. 
Among other things the effects of all these variable 
factors were ascertained for the purpose of establish- 
ing a suitable routine. These variables can be divided 
into two groups, those relating to the geometry of the 
test bar, and those relating to the external conditions 
of the test. 

Two of the first group of variables are the size and 
shape of the test bar. Out of this work the square bar 
has survived as the best shape, though the size is not 
universally the same. The work of the German com- 
mittee which was reported by Ehrensberger indicated 
that the large 30-mm. bar gave results which correlated 
best with common experience. In this and other coun- 
tries the small 10-mm. bar is used for both Charpy 
and Izod tests, while more recently the 10-mm. bar 
has also been introduced into Germany. On the whole 
it appears that the small bar is capable of giving good 

esults though, if it is to be as satisfactory as the large 
bar, the notch design must be carefully selected. Ex- 


periments on the width of the bar showed that nar- 
row bars were not capable of making the proper dis- 
tinctions between materials of different toughness be- 
cause the restriction at the notch was not sufficient to 
produce the necessary notch effect. This was felt 
pa larly with the tougher steels. On this account 
the square bar was selected as being better adapted 
uniy rsally to notched bar testing. Sometimes a round 
bai used in the Izod test but this shape does not 
ap] to be suited to the test. 

lesign of the notch was found to be of consid- 
era importance, as might be supposed. In brief, 
th aller the radius of the notch, the lower the 
en absorption was found to be, though the tougher 
stee’ were less sensitive than the more brittle steels. 
TI as particularly true of properly heat-treated 
ste hich were less sensitive to the sharper notches 
than ‘he coarser over-heated steels were. The angle 
of the notch came in the same category as a variable 
and the sharper notches gave lower impact values. 
This \vas again a more important variable with the 
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more brittle steels than with the tougher steels. The 
depth of the notch was likewise found to be an im- 
portant variable. With the first increase in depth, the 
impact value was found to decrease rapidly and then 
to remain rather constant with further increase in 
depth. It will probably not be surprising that the law 
of proportional resistances is not obeyed in this field, 
as various experimenters have observed. 

The group of variables which we have just con- 
sidered includes the shape and size of the bar, the 
width of the bar, the radius of the notch, the depth of 
the notch, the angle of the notch, and the area at the 
base of the notch. Two observations stand out as being 
of special significance: The impact values depend very 
definitely on these factors and the effect is materially 
greater for notch sensitive steels than it is for the 
tougher steels. The second group of important vari- 
ables includes the external testing conditions, the first 
being the striking velocity and the second the test 
temperature. 

The striking velocity was found to have little effect 
on many steels within the usual limits of impact test- 
ing machines. The trend with the tougher steels was 
towards higher impact values as the velocity increased 
and Hadfield and Main report that a well made and 
properly heat-treated steel remained tough even at 
bullet velocities of 600 meters per second.® So it 
appears that really tough steels are not adversely 
affected by high velocities. Steels which tend more 
to notch brittleness are apt to be adversely affected 
and it is conceivable that a material broken statically 
in the Humfrey machine might show a tough behavior 
and yet be brittle when broken in an impact testing 
machine, though such instances are undoubtedly rare. 
On the whole the effect of striking velocity has not 
been as thoroughly investigated as would appear to 
be warranted. 

Temperature has been found to be of particular 
significance in notched bar testing because the impact 
value of some steels varies very rapidly at about 
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room temperature and also because this variation is 
generally accompanied by a large spread in results ob- 
tained from similar re a With a drop in tem- 
perature of but 80 deg. C. the impact value can fall 
off over 75 per cent. Room temperature is frequently 
a very inappropriate test temperature for use to get 
good check results. On the other hand a wide spread 
in results becomes a valuable index to metal quality. 
(It may be of interest here to note that the four com- 
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Fig. 5. Deformation of Bars of Different Widths. 
3 cm. in all cases, and the width is given in cm. 
begins at 2.5 cm. (Moser) 


The bar height is 
Brittle fracture 


mon tensile properties are scarcely affected by this 
change in temperature.) One reference should suffice 
as a specific example of the effect. Wrought iron of 
good quality has a good name for being a tough and 
dependable material and has long seen service as 
welded chains and the like. The behavior of wrought 
iron at various temperatures was recently studied by 
Gough and Murphy and they found that it did not de- 
velop brittleness at sub-zero temperatures even though 
chilled to —78 deg. C. when tested in the plain condi- 
tion. When notched, it developed marked brittleness 
at about room temperature.*® In that respect wrought 
iron resembled many of the mild steels of commerce, 
though the latter vary markedly in the way tem- 
perature affects their notched behavior. If tested 


little above room temperature, coarse grains or tem- 
per brittle and other brittle types are equally as tough 
as the common tough types of steel. 


If tested a little 
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nearly all of these steels are 
brittle. A good example of this effect is shown in 
Fig. 3. Increasing the grain size had the effect of 
raising the temperature at which “the sharp break in 
impact values came but otherwise had no effect on the 
values proper. 


Effect of Combined Variables 


More recently additional work has been done on 
these variables, though the later work was more de- 
tailed and also took the significant direction of getting 
the effects of the variables in combination. The work 
was done largely at Krupp’s in Essen and dealt par- 
ticularly with variable width bars and with the effects 
of varying the test temperature and the striking 
velocity. 

Following Baumann, Stribeck was the first to estab- 
lish the effect which the width of the test bar may 
have on the impact value. In general three different 
zones are recognized as the width of the test bar in- 
At first the impact value increases in direct 
proportion to the width. 
spread is encountered over which the values are high 
or low, or possibly intermediate. With still wider 
bars the impact values are uniformly low, though dif- 
ferent steels would show different quantitative be- 
havior. 

At the Krupp Testing Laboratory, Moser confirmed 
the effect of increasing the width of the test bar as 
may be seen by reference to Fig. 4. In addition, he 
showed that the amount of energy absorbed per unit 
volume of deformed metal remained constant, in 
spite of the drop in impact value. He held this va ue 
to be a material constant, which he termed the “w: rk 
constant per unit volume.” On this basis the imp cct 
value of a given test bar depends on the amount of 
metal deformed. Even though the wide bar gave he 
appearance of being much stronger than the nar: )w 
bar, the effect of the notch was such that only a sn all 
volume of metal could be utilized in absorbing ‘he 
energy of the blow. This effect is shown by Fig. 5. 

Upon testing different materials with bars of < if- 
ferent widths, it became apparent that some were et- 
ter able than others to “transmit strain” from the base 
of the notch to the surrounding metal. These meials 
were “fast” or “slow” according to what Moser called 
their “velocity of strain propagation.” This was held 
to be a second material constant. By a second series 
of tests he found that the width at which the drop in 
impact value came was somewhat greater when a 
lower striking velocity was used. (See Fig, 4.) The 
lower velocity permitted the “‘slower” metal to deform 
and absorb energy, or that was the interpretation put 
on it at the time." 

At about the same time Mailander, also of Krupp, 
conducted a rather comprehensive series of tests on 
bars of different widths which included the effects of 
different striking velocities and different temperatures. 
By combining these variables he found that the width 
at which the drop in values comes is greater as the 
test temperature increases and as the striking velocity 
decreases. Fig. 3 shows that wide bars develop tem- 
perature sensitivity at higher temperatures than nar- 
row bars do. Again, the real narrow bars were rela- 
tively insensitive to the effects of striking velocity 
and temperature while the wide bars were ” definitely 
sensitive to both variables. In all cases the character 
of the fracture followed the impact values with ex- 
cellent correlation. In other words those bars which 
broke with a high energy absorption per unit cross sec- 
tional area also broke with a fibrous fracture while 


below room temperature 


creases. 


Above this range, a zone of . 
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those bars which broke with a low energy absorption 
also broke with a crystalline fracture. 

Other tests were run in which the notched. bars 
were broken statically with apparatus for determining 
the stress-strain diagram. At —20 deg. C. the series 
showed the drop in impact value at the 20-mm. width. 
This bar and those which were wider gave diagrams 
which showed that the stress rose rapidly to a maxi- 
mum, at which point the bar broke suddenly with a 
brittle fracture. The narrower bars, or in general 
those which broke with a fibrous fracture, gave dia- 
grams which showed an increase in stress to a maxi- 
mum but this time the deformation at the maximum 
was sufficient to account for about one-half of the 
energy absorption. Beyond this point the bar con- 
tinued to deform but the stress fell off slowly to zero. 
When the maximum stress indicated on the diagrams 
was followed, it was found that it increased uniformly 
throughout the whole series, despite the drop in im- 
pact value. This showed that the reason for the fall- 
ing off in impact value was due to the inability of the 
wider bars to deform, thus confirming Moser. It was 
likewise observed that the maximum stress developed 
at —20 deg. C. was greater than at 20 deg. C. for the 
same width bar. 

\dditional illuminating observations were noted 
when the notch was changed from the V type to the 


key hole type. This had the effect of lessening the 
notch effect and, in turn, of shifting the zone of 
sprea to wider bars and to lower temperatures. With 
a constant notch the same shift was accomplished by 
refining the structure by heat treatment which lowered 
the notch sensitivity. 

7 vork done at Krupp’s by Moser and Mailander 
cre a new interest among those who were con- 
cer with notched bar testing, particularly those 
wh re seeking an explanation of the intricacies of 
not ehavior. As we shall presently see, it started 
peo anew to thinking about the meaning of the 
test ew experimental work was planned and done 
and ideas were introduced; even though Moser’s 
orig concepts have not survived, his contribution 
was major importance. Moser also introduced a 
modi -ation in testing procedure which is still a worth- 


while hing to do. As a special method for determin- 
ing \ nether a steel was “fast” or “slow” he broke 
two nm. test bars of different widths, 15 mm, and 
30 mm. Unless the full width bar gave about double 


the value of the half width bar, the metal was “slow,” 
while “speed” could be expressed as a percentage. 

On the whole a discussion of the effects of the vari- 
ables of notched bar testing gives a rather confused 
picture. When we recall that a change from tough to 
brittle behavior can occur as any one of these vari- 
ables changes and that service conditions are apt to 
combine these variables in the most heterogeneous 
fashion, we need not wonder that discrepancies are met 
in testing nor that many test results appear not to 
correlate fully with service behavior. It is not quite as 
simple as merely breaking a test bar, noting the energy 
absorption, and equating that value to the toughness. 

At this point I should like to see if these experi 
mental findings cannot be simplified or better coor- 
dinated into more useful form. First of all we can 
divide the variables into two groups, (1) those which 
affect the notch effect to which the material is sub- 
jected in the test, and (2) those which affect the in- 
herent notch toughness of the material itself. In the 
first group I would place those variables which have 
to do with the geometry of the bar and the notch, like 
the width of the bar, angle of the notch, radius of the 
notch, and depth of the notch. We shall want to 
remember later that if we wish to make use of a 
variable which will subject the test material to a more 
or less intense notch effect, we can select one from this 
group. In the second group I would place the test 
temperature and the striking velocity. Many steels 
are sensitive to both of these variables and, in testing, 
it may become desirable to take this into account. Later 
on when we are discussing methods for conducting 
notched bar tests, an effort will be made to utilize these 
findings to set up a rational procedure. Now let us 
turn to the hypothesis of Ludwik which seeks to give 
a rational account of notch behavior. 


(To be continued) 
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sitated by service and are governed by design, It 
becon es the most practical procedure to use such a 
skillfully produced acceptance standard as will per- 
mit accurate comparisons and will indicate the proper- 
ties that can be expected of the metal when it is not 
subjected to handicaps of varying significance. 

The experience of those who have used millions 
of tons of steel castings demonstrates the feasibility 
of relying with confidence on four factors: The adop- 
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tion of metallurgically good casting design; the selec- 
tion of the proper grade of steel; general and specific 
inquiry regarding the dependability of available sources 
of supply; and data obtained from laboratory tests 
on samples produced by a method that is known to be 
well adapted to all susceptible characteristics of the 
metal which may significantly affect serviceability for 
the intended application. When these things are done, 
the experience of the buyer is most unlikely to cause 


any regret. (To be concluded) 
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| INDUSTRIAL 


X-RAYS 


An Introduction to the 
Physics of the Science 


By ROBERT C. WOODS 


iting Physicist, Old Lyme, Conn. 


HILE PLANT ENGINEERS and superin- 
tendents are by no means strangers to the 
fundamental facts of testing metal products 
by \-ray, a large number of them are perfectly frank 


in fessing to rather hazy ideas about how the 
pen: ating radiation actually works. Show the engi- 
ne X-ray picture of a flaw in a weld or casting, 
al ; first remark is: “Yes, I see the flaw, but just 
how ‘oes the X-ray make it show up on the film?” 
‘his ‘s not mere curiosity. The engineer has in the 
back of his mind a dozen tests of various types he 
mig: make, and he must know precisely how the 
X-ra\ acts before he can decide for or against using it. 
The 


igineer’s hazy knowledge of the X-ray is prob- 
ably jue to the fact that at the present time practically 
all of the literature published on the subject of indus- 
trial X-ray work, except in books, takes it for granted 
that the reader is already conversant with the “whys 
and wherefores” of the matter. To most of those 
men who are too busy to delve into volumes on phy- 
sics or dig back into past issues of technical publica- 
tions, this has an effect very much like entering a 
theatre in the middle of a second act. | 

This article, therefore, is an attempt to answer, in 
as brief and as non-technical a manner as possible, 
some of the many questions which the author has 
been asked by engineers and production men in vari- 
ous manufacturing plants. There is no intention here 
of covering the entire field of industrial X-ray work 
or of introducing any new material. 


Production of X-Rays 
PERHAPS the easiest path to the understanding of 
this subject will start with the source of X-rays as 


Produced by man-made methods, and will stress only 
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The 900,000 Volt X-Ray Tube Used at Memorial Hospital, 
New York, N. Y. 


the more important factors relating to X-ray pro- 
duction. 

An average X-ray machine works along the lines 
of the following description: An incoming electrical 
line (220 volts AC) is fed into a step-up transformer 
which induces in its secondary coils the desired high 
voltage. Although this potential may run as high as 
the 1,000,000 volts used in some modern X-ray treat- 
ment tubes, the general range in industrial work 1s 
from 60,000 to 200,000 volts. Before applying high 
tension power to the X-ray tube, it is necessary to 
change the current from an alternating to a direct, or 
at least a uni-directional one, by means of a mechani- 
cal or vacuum tube rectifier. 

The X-ray tube itself is a very highly evacuated 
glass bulb containing a spiral wire filament and a 
tungsten target. 




















Fig 1. 


In Fig. I, Ts, the target support, is a rod or arm 
made of molybdenum into the end of which is pressed 
a small button of tungsten, the target T. Directly op- 
posite the center of the target is the thoriated spiral 
wire filament F, held rigid by the metal support 
shown. The only two things necessary to generate 
X-rays in this tube are a source of free electrons and 
a high potential. 


It is a well-known fact that there are always large 
numbers of electrons in continual motion on and near 
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the surface of all matter, but at normal temperatures 
there are bonds present which seldom allow the elec- 
tron much chance to roam. As the temperature of 
the material is raised, however, these bonds become 
weaker and weaker until, as in the case of incan- 
descent metals, there is a cloud of electrons hovering 
around in the neighborhood of the surface. 

This phenomenon is used to produce from the 
heated wire filament a source of electrons floating 
about more or less freely in the space between the 
filament and the target. As soon, however, as the 
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Fig 2. 


high voltage is applied across the tube, an end is put 
to the aimlessness of the electrons and they are liter- 
ally hurled against the target at terrific speed. 

When these flying electrons strike the target, some 
are slowed down by the force of the field within the 
tungsten atoms, and others are stopped outright by 
collision with an electron in one of the atom-orbits. 
In some instances there is only a mild disturbance 
brought about and in others there is an actual rear- 
rangement of the electrons within the atoms of the 
target ; but in any case energy is given off by the tung- 
sten in the form of radiation. The magnitude of the 
catastrophe in the atom determines the form which 
the released energy shall take, the minor upsets caus- 
ing only long wave length radiation such as heat and 
visible light, while the very small number of electrons 
causing severe damage are responsible for the short 
wave length X-rays emitted. Of all the bullets shot 
at the target, only about 0.8 per cent bring about the 
desired result. 

Before leaving the subject of X-ray production it 
should be thoroughly understood that tube-voltage and 
tube-current are two entirely separate factors from 
the practical point of view and bring about different 
results in the various applications of X-rays. The 
size of a current passing through an X-ray tube de- 
pends upon the number of free electrons available 
for carrying the current, and they in turn, within lim- 
its, depend upon the temperature of the filament. It 
must be evident that if the number of electrons strik- 
ing the target is increased, then the actual quantity 
of X-ray emission will also be increased. 

Even though the size of the tube-current affects 
the number of hits, it in no way influences the speed 
of the electrons crossing the space or the magnitude 
of the atomic damage wrought by any one electron. 
It is the impetus given to the electron by the voltage 
which determines the bullet’s potentialities for de- 
struction, the speed of the electron being proportional 
to the square root of the voltage applied to the tube. 
The potential energy of the electron in the cathode 
stream’ is eP (charge on the electron and Potential 
accelerating it) so that eP = ™% mv’, where m is the 
mass of the moving electron and v its velocity. As 
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the tube-voltage and electron speed rise, the wave 
length of the emitted radiation falls. But it will be 
seen that if these speeding electrons are made to give 
up their energy in varying degrees, the whole beam of 
radiation will not be confined to any one wave length 
but will cover a large range of wave lengths. 

The quantity, or intensity, of the X-rays, then, is 
controlled by the tube-current, while the quality, or 
wave length, is determined solely by the tube-voltage 
in a given tube. Later it will be seen what an impor- 
tant part wave length plays in the meeting of X-rays 
and matter. 


The Nature of X-Rays 


AVING observed that high-speed electrons on en- 

tering the atoms of the target bring about disturb- 
ances there which send X-rays speeding out through 
space, the next point which comes to mind concerns 
the nature of this discharged energy. Or, more briefly, 
what are X-rays? 

That X-rays consist of the same ingredients as the 
other parts of the so-called Electromagnetic Spectrum 
is well known, but exactly what these constituents are 
is a problem which, as yet, remains unsolved. ‘The 
answer to the question at present, therefore, must 
necessarily concern itself with a description of ‘he 
radiation’s behavior, effects, and characteristics rater 
than with any attempt to define the ultimate com»o- 
sition. The best line to pursue for present purpo-es, 
perhaps, is to leave the final analysis of radiatio: to 
the philosophers and give here only a brief study of 
some of its more important and interesting featu es. 

X-rays are a form of energy travelling in stra ght 
lines through space with a velocity of 186,000 les 
per second. In the manner and speed in white | these 
rays travel, in their total disregard for electric ind 
magnetic fields, and in their general behavior. all 
members of the Electromagnetic Spectrum fa ily 
appear identical. There are, however, a few di fer- 
ences, the most significant of which is wave lemzth. 
It has been found that these various types of energy 
make their way about the universe with undulatin< or 
wavelike motions. This may be compared, in some 
ways, to the passage of energy through water in the 
form of waves. In referring to the characteristics of 
this phenomenon it is customary to designate the dis- 
tance from the crest of one wave to the crest of the 
next as the wave length, and to define the frequency 
as the number of such crests passing any point in a 
given time. 

In the radiant energy group, it is found that each 
section has its own particular wave length range. 
Thus, the crests of radio waves travel as far apart as 
thousands of meters, while the gamma rays from 
radium have crests divided in space by only 0.01 A® 

l 

—_——— centimeter). 
100,000,000 
two extremes come the shorter radio waves, heat, 
visible light, ultra violet light, and X-rays, in the order 
of decreasing wave lengths. Since the frequency goes 
up as the wave length descends, the kilocycles, so fa- 
miliar to the radio fan, become terrifically great in the 
2 to 0.1 A° wave length range of X-rays. 

Of immense scientific importance and interest is the 
method by which the wave character of light was 
demonstrated. One of the most brilliant students of 
optical physics, Thomas Young, arranged an expefi 
ment with a beam of light split into two parts by be 
ing passed through two pinholes. If a single ray of 


(one A° = In between these 
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light is allowed to pass through the pinholes A and B, 
Fig. 2, a white surface placed at X will be illuminated 
in alternately light and dark rings. At P, equi-distant 
from A and B, waves of the same phase clearly rein- 
force one another, but at QO the crest of one wave ar- 
rives on the trough of the other, and the two cancel 
out, leaving a dark area. Generally, a large number 
of pinholes in a row is used in the experiment to sim- 
plify the results and make the observations easier. An 
arrangement of this kind is known as a diffraction 
grating and the effects caused by the waves are called 
interference rings. 

It was evident to the mathematicians that no such 
series of manufactured pinholes would be of any 
value in proving whether X-rays were wavelike or 
not. Calculations showed that if X-rays were waves, 
they would be infinitely smaller than those of light 
and would not therefore be affected greatly by any 
grating large enough to diffract light. Finally, it oc- 
curred to the physicist Laue, that Nature had already 
provided pinholes thousands of times tinier than arti- 
ficial ones and that, by using these, he might show the 
diffraction of X-rays and their identity to light. 

‘hese natural gratings employed by Laue and his 
associates are the crystals which compose most solid 
bodies. Because of the close packing, the atoms in a 


] 


C al fall into rows, and the rows into sheets, all 


| ctly arranged at regular distances apart. It is 
this series of planes which reflect the X-rays from 
t] faces, and cause the formation of interference 
rit The practical as well as the theoretical impor- 
tat of this discovery will become apparent when 
the structure of metals is discussed later. 

is condition of interference apparently put a 
per»anent end to the old belief that a beam of light 
resembled a stream of tiny rubber balls, which could 
b inced off the surface of mirrors like any other 
gi of elastic spheres. To the physicist’s way of 
thi: ‘ing there could be no system of elastic spheres 
ima~ nable which would alternately increase and de- 
crecce itself in the manner of the interference rings. 

ertheless, even the Young experiment failed to 
con. nce a-considerable number of scientists who had 
seer light act as only a stream of pellets could, and 
thes: closed their eyes, therefore, to the wave theory. 
Bet\cen the two camps there was no compromise, and 


only weaklings hung on the fence. Fortunately, how- 
ever. some broad minded men remained, who, while 
bein convinced of the wave character of light, saw 
that at times nothing short of a corpuscular explana- 
tion would fill the bill, and set out to bring these two 
seemingly opposite points of view together under the 
same roof. Largely as a result of these efforts, the 
present-day concepts of radiation lean strongly toward 
the theory that this phenomenon is both a wave and a 
particle effect, and as the discussion progresses in- 
stances will be observed when X-rays behave like sea 
Waves but at other times seem to be a rain of small 
elastic bundles. 

So far, the terms X-rays and light have been used 
more or less interchangeably because they are both the 
same type of natural phenomena and exhibit many 
identical characteristics. (That X-rays are really light 
of very short wave length depends upon other consid- 
frations too technical for the present discussion.) All 
radiation can be reflected, refracted and diffracted at 
angles, but here the variations in wave length step in, 
each group selecting the nature of surface necessary 
to bring about these effects. Whereas light can be 
reflected easily from ordinary polished surfaces, the 
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wave length of X-rays is so small that no amount of 
surface polish causes reflection in general practice, 
except at very small glancing angles. The reflection 
and scattering of X-rays takes place from atoms or 
from exceedingly small faces of crystals which are 
the building blocks of materials. Likewise, light is 
readily absorbed by thin layers of matter, while X- 
rays slip through between the molecules and atoms of 
substances. It is the ability to penetrate matter which 
makes the X-ray such an important instrument in in- 
dustrial and clinical diagnosis, but at other times it 
might well be said that it is the failure of the X-ray 
to penetrate matter that has brought to light so many 
valuable facts regarding the crystalline structure of 
materials. 

Turning now from a consideration of the micro- 
scopic aspect of radiation, it is necessary to touch 
briefly on the behavior of a beam of radiation as a 
unit. Although hundreds of different atoms in the 
target of an X-ray tube are responsible for the emis- 
sion of the total beam, for practical purposes the rays 
are assumed to originate from a point source. From 
this source the beam begins to spread out cone-wise, 
the distance from the target determining the area cov- 
ered. At any one point the intensity of the X-rays, 
that is, the actual quantity of radiation present, is 
inversely proportional to the square of the distance 
from the target. This is a purely geometrical thing 
and may best be illustrated by the spray emitted from 
a garden hose. (Fig. 3). 

If one cubic inch of space is selected two inches 
from the hose nozzle, it will be found to contain an 
amount of water X. If another cubic inch of space 
is taken 12 inches from the nozzle, however, the con- 
centration of water will only be Y, which is 1/36 of 
X, according to the inverse square formula 12?:2?7= 
X:Y. (This formula holds good only where the 
spreading is even in all directions). It is obvious, 
then, that in X-ray work the distance factor is an im- 
portant one, but the fact must be understood that any 
distance change alters the intensity of the beam with- 
out affecting the wave length of the radiation. 

In dealing with a beam of X-rays it is perhaps best 
to think of it as composed of two separate parts: One 











Fig. 3. 


beam of radiation of a given intensity, and another 
beam of radiation, within the first if you like, of a 
definite wave length. Each of these beams has its 
own role to play in the work done, and either one may 
be changed without affecting the other. As mentioned 
above, the quantity of X-rays depends upon the num- 
ber of filament electrons hurled against the target, 
while the quality of the beam is a result of the im- 
petus given the electron by the high voltage. 
In conclusion, X-rays are: 


1, Produced by the impact of electrons on matter. 
2. Emitted in straight lines. 















3. Pass through space with a velocity of 186,000 miles 
per second. 
Unaffected by electric or magnetic fields. 

. Refracted, reflected, diffracted as is light. 

6. A form of radiant energy behaving sometimes as 
waves and sometimes as discrete particles. 

. Of a very short wave length—averaging 1 x 10° 
centimeters. 

8. Invisible, passing from point to point in space without 
any transference of matter. 

9. Capable of penetrating objects opaque to visible light 


cn 


NI 


X-Rays and Matter 


HEN a beam of X-rays falls upon matter, the 
energy of the beam is partly scattered and partly 
transformed, as in Fig. 4. The percentages of the 


Primary X-ray beam 








Fig. 4. 


original beam which experience these various changes 
depend upon the wave lengths of the incident beam 
and the composition of the material encountered. Lit- 
tle need be said by way of explanation about the unab- 
sorbed primary X-rays, since this part is merely that 
component of the original beam which, because of its 
wave length or its luck in missing deflecting matter, 
has traversed the material without change. As the 
X-rays pass through or near atoms of matter, they 
set up disturbances similar to that brought about in 
the X-ray tube target by the impact of electrons. This 
catastrophe within the atoms of the material robs the 
original X-ray of some of its energy and hands it on 
in the form of secondary X-rays, usually of longer 
wave length than the first. These secondary rays 
have been found to possess a wave length dependent 
upon the nature of the material emitting them. Thus, 
if a beam of X-rays impinges upon a sheet of alumi- 
num, the secondary radiation given off will be of 
wave length characteristic of the aluminum atom. 
There is, however, one condition necessary for the 
production of characteristic secondary radiation; the 
wave length of the original beam must be commensu- 
rate in energy concentration with the energy of the 
electron within the atom struck. <A definite amount of 
work must be done by the oe X-ray in order 
to make the atom give up energy in the form of X- 
rays, and this work can be done only by certain wave 
lengths relative to given atoms. For example, if sec- 
ondary X-rays are to be emitted by lead, the impinging 
beam must contain wave lengths associated with a 
production voltage of 87,000 volts. If the voltage 
across the X-ray tube is lower than this value, no sec- 
ondaries will be emitted; but if a higher voltage is 
used, the secondary radiation will still be of the same 
wave length as though the tube were operating at 87,000 
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volts. In other words, no secondary X-rays will be 
emitted from any given element until a certain voltage 
has been reached, further increase in voltage being 
without effect. 

Still another set of rays passes through the material 
without any change of wave-length but “with a definite 
change in direction, this alteration being caused by 
scattering of X-rays from atoms and crystal faces 
within the matter. These rays may be scattered at 
any angle, depending upon the position of the atoms 
and crystals met with by the original beam. Never- 
theless, within this group of scattered waves, X-rays 
of a longer wave length appear; a condition which 
can be accounted for only on the basis of some colli- 
sion phenomena within the material. 


The explanation of this condition was advanced by 
A. H. Compton, and as a result is known as the Comp- 
ton effect. This theory states that a primary quantum 

packet of X-ray energy strikes an electron in the 
material and imparts to the electron a certain kinetic 
energy resulting in a recoil. The radiation quantum 
is changed in its direction and proceeds with an en- 
ergy reduced in proportion to the amount involved in 
the recoil of the electron. That the electron actually 
is struck has been proved by photographs of the 
recoil electrons made in a Wilson cloud-expansion 
chamber. This modified X-ray scattering is an excel- 
lent example of radiation behaving as though it were 
composed of discrete particles. 


In addition to these different forms of radiation 
resulting from the meeting of X-rays and matter, 
there is also an ejection of electrons from the matéer. 
These emitted electrons, sometimes called & rays, are 
divided into two groups: Scattered and characteristic. 
The scattered electrons, or photoelectrons, are those 
which are so loosely bound inside the atoms that the 
energy expended for their release is negligible. ‘he 
characteristic photoelectron beam, however, is com- 
posed of electrons ejected with velocities which de- 
pend upon the particular element from which they 
are liberated. In some cases these velocities are high 
and their range in air is considerable. 

By now it is evident from this description of scat- 
tering phenomena that only a part of the original 
beam which impinges on a material reaches the other 
side travelling in the same direction. To put it an- 
other way, part of an X-ray beam is absorbed in pass- 
ing through matter and it is absorbed in proportion to 
the characteristics of the material and the wave 
lengths in the beam. Lead, for instance, with a den- 
sity of 11.34, will absorb much more radiation per unit 
yeeme than will aluminum with a density of only 

2.70. This differential absorption of X-rays by mat- 
ter of varying density is the foundation on which is 
based the entire science of X-ray diagnosis, both clin- 
ical and industrial. 

In passing through a layer of matter, X-ray intet- 
sity is reduced by a constant fraction p» per centimeter. 


Where p is the density of the material, — is known 
ie ; pP 

as the mass-absorption coefficient. Each element has 

its own absorption coefficient which varies with the 

wave length of the incident radiation, as in the cas€ 


: one 
of aluminum where the value of — is 0.172 at 0.123 


p 
A° (100,000 volt X-rays) and is 0.130 at 0.064 A® 
(200,000 volt X-rays). 


METALS & ALLOYS—Vol. 7 





Vs ¢o@ 


ner Ox CO 


‘ti- 
CT. 


vn 
as 


he 
ise 


A° 





From this illustration it is apparent that most of 
the absorption takes place at the long wave length end 
of the X-ray spectrum, and that, by lengthening the 
waves of an X-ray beam, a point may be reached 
where no X-rays at all will escape absorption in a 
laver of given material. Penetration of matter can, 
therefore, be controlled to a great extent by a regula- 
tion of the wave length. 

So far matter may appear to be getting all the best 
of the X-ray, what with reflection, scattering and ab- 
sorption. Although matter undoubtedly can _ raise 
much havoc with a beam of X-rays, yet radiation it- 
self is capable of bringing about numerous transfor- 
mations of matter. 

Four of the more important effects of X-rays on 
matter are the photographic, the ionization, the fluor- 
escent, and the biological. The last effect is not rele- 
vant to this discussion and so may be dismissed, not 
however without the observation that the effect of 
X-rays on diseases of the human tissues is one of the 
most valuable scientific contributions to the welfare 
of mankind. 

The photographic effect enables the X-ray worker 
to record on film facts about the internal condition of 


bodies which would otherwise be invisible in the whole 
sta Briefly, this effect depends upon the fact that 
wherever X-rays strike a gelatin emulsion of silver 


bromide, silver is reduced to a black metallic condi- 
tio! it has been shown that this reduction or black- 


enine on a photographic film, is, for all practical pur- 
poses, proportional to the intensity of the incident 
radiation. In taking an ordinary picture with a light- 
camicra, the film is blackened in proportion to the in- 
tens ‘ies of light reflected from the various surfaces 
bein’ photographed, but in a radiograph it is the in- 
tens ies penetrating the object which register on the 
film. A radiograph is in reality a kind of shadow- 
gra;., those parts easily penetrated showing black on 
the ilm, while the denser areas appear lighter. In 
keep og with this reversed order of things, an X-ray 
diagnosis is made from the negative by means of 
trans nitted light rather than from a positive by re- 


flected light. The photographic effect of X-rays seems 
to be another illustration of the corpuscular action of 
this type of radiation, as though little bundles of some- 


thing were striking the grains of the photographic. 


emulsion and causing a chemical change. 

The use of the ionization effect as a measurement 
of intensity is based on the fact that X-rays passing 
through a gas cause it to become electrically conduct- 
ing. If a beam of X-rays is directed through the air 
space between two charged metal plates, the air in 
the path of the beam will pass a current from one 
plate to the other in proportion to the intensity of the 
radiation. While this method of measuting intensity 
is more accurate than the photographic and is much 
used in research work, it is not so satisfactory for the 
detection of faults in industrial products since it 
leaves no visible record, and will not give as precise 
intormation regarding the size, shape, and nature of 
a defect as a film. Therefore, the film is used almost 
exclusively in industrial and medical diagnosis. 

Another method of examining objects by X-ray is 
the fluoroscopic. Although not so accurate or satis- 
factory as the film, the fluoroscope serves well in cir- 
cumstances where speed and economy are more de- 
Sirable than accuracy. A screen covered with a finely 
powdered chemical which will fluoresce when struck 

y X-rays, is placed in the X-ray beam which has 
Passed through the object being examined, and is 
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viewed by the operator. 
have been struck by X-rays appear luminous, while 
those places in line with the rays which have been ab- 





Areas on the screen which 


sorbed by the inspected object, remain dark. The 


fluoroscope is of much more practical importance in 
medicine than in industry, although some plants use 
this means of routine inspection for such things as 
the detection of foreign matter in tobacco, candy and 
like commodities. 


The principle of fluorescent salts is also used to de- 
crease the exposure time in X-ray film work. It is 
found that if screens of such fluorescent material are 
placed on either side of a film and in close contact 
with it, the light emitted by the screens adds greatly 
to the photographic effect and cuts down the amount 


of X-radiation necessary for a good film. In many in- 


stances, the fluorescent screen has made possible the 
radiographing of thicknesses of metal otherwise im- 
practical. As a rule, however, the grain-size of the 
fluorescent salt coating on the screen is larger than 
that of the film emulsion, and the result, therefore, is 
a loss of distinctness and detail on the film. While 
the best film will be made without screens, there are 
times when their use is unavoidable and so may be 
called a necessary evil. 

There are also numerous other effects of X-rays on 
matter but since none of them have any bearing or 
direct application at present on industrial work, it 
would seem better to omit them and turn to some 
practical examples of X-ray uses. 


X-Rays in Industry 
HE application of X-rays in industry for the de- 
termination of flaws and internal defects in metal 
parts, is a more recent development than that of medi- 
cal diagnosis by X-ray. Despite this fact, X-ray stud- 
ies of industrial materials have progressed so rapidly 
in the last few years that the value of this method of 
inspection no longer may be questioned or passed up 
as a fad. X-ray examination of welds, castings, radio 
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tubes, and countless other manufactured articles is 
now a routine occurrence in numerous plants through- 
out the world, and has been so thoroughly covered in 
the literature that no review of this work is necessary. 
Therefore, only a very brief outline will be given here, 
covering a few of the interesting points encountered 
in the application of X-rays in industry. 

As mentioned previously, the basis of all radiog- 
raphy, medical and industrial, is the differential ab- 
sorption of X-rays by matter of varying densities. 
Thus, in radiographing an object containing areas 
which, intentionally or not, differ in density from the 
surrounding material, those areas will register on the 
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film, providing of course they are not too small. If, 
for example, in a sample of carbon steel, the carbon 
has precipitated in one section, that area will be of a 
lower density than the neighboring iron and will allow 
X-rays to pass more freely. The result will be a black 
spot on the film of increased exposure. On the other 
hand, any section of increased density will absorb the 
X-rays and record a lighter unexposed section on the 
film. If handled correctly, areas of increased and de- 
creased density may be recorded on the film in faith- 
ful reproduction of the original as to size and shape. 
There are times, however, when this is very difficult 
to do, especially if the defect can not be brought close 
to film. Fig. 5 represents a piece of metal showing an 
internal defect at X. 

Here the image of the flaw may become somewhat 
blurred in traveling from X to the film, due to the 
diffuse scattering of the beam traversing the material. 
lf the object were turned so that surface A was next 
to the film, the distortion would not occur, because 
the distance from X to the film would not be great 
enough to allow the scattering much spread. 

As a general rule, defects about 1% to 2 per cent 
of the total thickness of the object X-rayed can be 
detected, and in some cases flaws as small as 1 per 
cent are demonstrated. In speaking of the total thick- 
ness of an object, it must be kept in mind that this 
refers to the total amount of material present, not to 
the outside measurements. For example, the appar- 
ent thickness of a casting may be 1 ft., but, because 
of the internal construction, the total metal thickness 
may be only 4 in. This is an important point in con- 
sidering the advisability of X-r ay inspection. 

In some of the past Pater the factors of voltage, 
current and the resulting quality and quantity of X- 
rays have been stressed. It was shown that voltage 
was responsible for the wave length of an X-ray 
beam, and current for the intensity, and it was 
brought out that the wave length more or less con- 
trolled the penetration of the rays. If a film of a 
casting shows no picture after a reasonable exposure 
to X-rays, it means that the amount of X-rays ab- 
sorbed in the casting is much greater than it should 
be. The way to correct this, as a rule, is not by in- 


creasing the intensity of the beam but by decreasing 
the wave length; that is, raising the voltage. A good 
illustration of this problem might be the shooting of 
rifle bullets at a piece of w ood. If one 0.22 with a 
certain amount of energy will not pierce the woudl 
simply increasing the number of bullets fired will do 
nothing to remedy the situation. In order to penetrate 
the wood, the energy of the bullets, not the quantity, 
must be raised. 

However, if the voltage across the X-ray tube is 
raised too much, a point is reached where the rays 
penetrate the defect and surrounding material so com- 
pletely that it is almost impossible to differentiate one 
from the other. Therefore, the ideal film is the one 
on which the rays have just penetrated the defect but 
not the material, if the defect is of low density, or have 
just penetrated the m: aterial but not the defect where 
the flaw is denser than the rest of the object. 

One of the outstanding contributions to modern 
science in the field of industry is the application of 
X-rays to the study of the atomic and crystalline 
structure of metals. When an X-ray beam passes 
through a specimen of matter, some of the rays are 
reflected from the faces of the crystals and will form 
a pattern on a film suitably placed, corresponding to 
the internal design of the matter. This diffraction 
work has been of inestimable value in discovering ‘he 
different changes taking place within materials sub- 
jected to various treatments. The whole subject of 
diffraction is very interesting but also very comp'ex, 
and so no attempt will be made here to go into the 
matter. Those who are anxious to study this phase 
of X-ray work will find the subject thoroughly cov- 
ered in some of the books on the subject. 

There are many other interesting problems and 
possibilities in industrial X-ray work well worth is- 
cussion, but as was mentioned at the outset, the | ur- 
pose of this article is to give the busy engineer a ‘ew 
of the basic facts and theories pertaining to the sub- 
ject. It is hoped that what few points are presented 
here will enable the reader to study the ever-increas- 
ing number of articles on X-rays appearing in the 

various journals with a slightly better understan (ing 
of the meaning and the work behind them. 





(Editorial Comment continued from page 34) 
which failures still persist without clear explanation. 

We are still a bit puzzled as to just when we need 
impact toughness. The cast Ford crankshaft would 
not be classed, by any sort of notched-bar impact test, 
as suitable for severe duty, yet we haven’t the slightest 
fear that the one in our V8 will fail. The perform- 
ance of a couple of million crankshafts in service is 
too convincing. The answer must be that it isn’t the 
type of service in which impact resistance is needed. 
On the other hand, not so many years ago most de- 
signers insisted on high toughness and impact resist- 
ance in automobile crankshafts. How, then, do we 
know that designers are right in demanding impact re- 
sistance in lots of other places where they still call 
for it, and whether high test cast iron, quick anneal 
malleable and the like, which have some kinds of 
toughness but not verv high notched bar impact re- 
sistance, might not be usable where tough forgings 
or ductile non-ferrous alloys are demanded today? 

What has damping capacity, which the cast crank- 
shaft and that general class of materials do possess, 
to do with it? May not the ability to dissipate energy 
without deformation sometimes be substituted for the 
ability to dissipate it in very local deformation? Ob- 
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viously there is some limit to such a substitution, but 
where is the limit? What degree of ductility, notch- 
toughness, local plasticity or damping does a given 
part need and how is the engineer going to know and 
how pass on his requirements to the metallurgist if 
he does know? 

Maybe something of the order of 10 ft. Ibs. impact, 
provided that value is retained in test pieces of vari- 
ous sizes and notches, or under various speeds of 
impact, and at the lowered temperatures that might be 
encountered, would do just as well as 40. 


If we could know this, we might be able to build 
the actually required impact resistance into cheap and 
cheaply made alloys, while we are deterred from try- 
ing to do anything in that line as long as the engineer 
demands 40. 

Hence we commend Dr. Hoyt’s thoughtful discus 
sion of the subject of notched bar testing not only to 
the metallurgist, but especially to the engineer, who 
may thereby be emboldened, after exploration of their 
properties along the lines he suggests, experimentally 
to try out types of alloys in services from which he 
now excludes them without trial. There may be more 
cases like the Ford crankshaft lying around, if we 
look for them.—H. W. G. 
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osphorus as an Alloying Element in 
ow Carbon, Low Alloy Steels—l 


An Experimental Study 
By C. H. LORIG and D. E. KRAUSE 


Metallurgists, Battelle Memorial Institute, Columbus, Ohio 


Te first part of this study, published in the January issue, dealt with such sub- 
jects as “The Effect of Phosphorus on the Gamma Loop,” “Effect of Carbon plus 
Manganese,” “Static and Impact Properties of Low Carbon, Phosphorus Steels’ 
and “The Effect of Carbon and Aluminum upon Impact.” 


Effect of Alloying Elements Upon Impact 


(S NECESSARY to determine what effect other 
ying elements may have upon impact resistance 
yper is a promising alloying element for this 


pu e, since Lorig and Smith*® showed that inter- 
ae ir embrittlement in malleable cast iron, evi- 
den. -d by loss in impact resistance after heating to the 
ten ature of the galvanizing bath, and presumed to 
be to the presence of silicon and phosphorous, is 
mi lly reduced by copper. In malleable iron with 
0.2 r cent P, the addition of about 2 per cent Cu 
prac cally eliminates the embrittlement. 

iccount of the good behavior in atmospheric 
co! m of steels high in P and containing Cu, Cu 
is ising alloying element for use in P steels, 
on her score. 

| z low carbon alloys of similar base composition 
to | -of Table 1 and without Al addition, the effects 
of and Ni were studied. Though a wider range 
of phorus compositions as well as other heat 
treat ents were studied, it will suffice to record in 


Tabic 3 the impact data for only a few P compositions 
and or material as forged and after annealing at 
1325 deg. F. 


Table 3.—Impact Data for a Few P Compositions 


As Forged, Annealed, 
P Cu Charpy Charpy 
Per Cent —_ ft.-lbs. ft.-Ibs. 
26 0.31 35 14! 
13 0.31 1% 2 
Si 1.04 25% 7 
1.47 1.04 1% 2 
3] 1.65 44 7 
Ni 
29 0.50 2814 3u% 
$5 0.54 1% 7 


The as-rolled alloys of the lower P content are cer- 
tainly not embrittled by these additions, but the addi- 
tions do not suffice to make the 0.45 per cent P alloy 
tough. 

A series of aluminum-treated phosphorus bearing 
steels was prepared with a carbon content of about 
0.06 to 0.10 per cent, whose compositions: are shown 
in Table 4 and whose tensile, hardness and impact 
Properties, determined on %4-in. thick plate, are given 
in Table 5. Fig. 14 shows the various types of impact 
fractures obtained. 
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From the data so far available one would not have 
expected that any of the 0.60 per cent P steels nor the 
one 0.45 per cent P steel would show appreciable re 
sistance to impact. Yet the Cu-Mo and Cu-Cr com- 


Table 4.—Chemical Composition of Al-Treated Ingots’ 


Other 

Ingot & Mn Si P Cu alloys 
0 Per Cent - . 
43 0.67 0.41 0.04 0.03 al 

45 0.06 0.45 0.04 0.27 “? 

46 0.06 0.45 0.04 0.60 at 

47 0.06 0.45 0.04 0.03 1.5 

48 0.07 0.47 0.02 0.26 1.4 

49 0.06 0.45 0.04 0.60 ef. . 

50 0.06 0.45 0.04 0.03 1.5 0.35 Mo 
51 0.10 0.52 0.05 0.25 l. 0.26 Mo 
52 0.06 0.45 0.04 0.60 1.5 0.35 Mo 
53 0.06 0.45 0.04 0.03 1.5 0.70 Mo 
54 0.08 0.58 0.05 0.26 1.4 0.60 Mo 
55 0.06 0.45 0.04 0.60 1.5 0.70 Mo 
56 0.06 0.45 0.04 0.02 | 0.60 Cr 
57 0.07 0.41 0.06 0.27 1.5 0.54 Cr 
58 0.06 0.45 0.04 0.60 1.5 60 Cr 
59 0.06 0.45 0.30 0.03 1.5 0.20 Zr 
60 0.06 0.49 0.24 ).28 1.4 0.20 Zr: 
61 0.06 0.45 0.30 0.60 ee 0.20 Zr 
62 0.06 0.45 0.04 0.03 1.5 0.15 V 
63 0.06 0.38 0.02 0.25 1.5 0.19 V 
64 0.06 0.45 0.04 0.60 1.5 0.15 V 
65 0.06 0.48 0.06 0.45 1.1 0.15 Ti 


* Sulphur was found to be 0.032 per cent. 


binations with 0.60 per cent P and the Cu-Ti combina- 
tion with 0.45 per cent P all showed in one or both of 
the as-rolled or the 1250 deg. F. annealed conditions, 


over 10 ft. Ibs. 
A c 


Fig. 14. Types of Impact Fractures in Steels of Table 5. 





The Cu-Mo and Cu-Cr alloys were therefore given 
a variety of heat treatments, which, with the impact 
results, are given in Table 6. 

Further impact tests were made on these Cu-Mo-P 
and Cu-Cr-P alloys at 212 deg. F., room temperature 
and 0 deg. F. The results are in Table 7. None of 
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60 


64 


Specimen 


Heat 
treat- 
ment ® 


& Ge bo > w 


& Whore 


— 


we 


& who 


mee 


& Ww 


& who & wh & why a whe 


&whyore 


alt © 


Composition 
ii et CSR 
Other 
P Cu alloys 
-—————— Per cent ———-—__ 
0.03 
«sé 
0.27 
ce 
e 
0. 1.5 
0.2 1.4 
U.6 1.5 
ee ee 
0.0 3 0.35 M 
iT) 2) 
0.2 1.5 0.26 Mo 
i .0 1.5 M ) 
1.5 0.70 Mo 
0.25 1.4 0.60 Mo 
0.60 1.5 0.70 Mo 
ify “ ay 
UL 1.5 0.60 Cr 
“é oti oe 
0.27 1.5 0.54 Cr 
ee 
0.60 1.5 0.60 Cr 
La) “ es 
0.03 1.5 0.20 Zr + 0.30 Si 
7) sé [fi 
0.28 1.4 0.20 Zr + 0.24 Si 
0.60 1.5 0.20 Zr + 0.30 Si 
a) ‘ ss 
003 1.5 0.15 \V 
La) o 
0.25 1.5 0.19 \ 
ir) “ 2) 
ee ia “ 
ee 77 ‘es. 
0.64 1.5 0.15 \ 
« “ Lai 
0.45 1,1 0.15 Ti 


No heat treatment—as rolled. 


% hr, 


1725 deg. F.—air cooled. 


Ultimate 


strength, 
p.S.1. 


49,600 
50,300 
45,400 
48,300 


70,100 
70,400 
64,300 


65.700 


75,800 
74,900 
63,600 
74,400 


67,300 
68,300 
62,700 


62,500 


80,800 
80,200 
74,300 
71,300 


97,000 
92,500 
83,900 
88,600 


82,400 
77,800 
64,800 
71,800 


99,200 
93,900 
81,100 
84,6000 


108,000 
107,900 
91,200 


94,800 


87,800 
79,700 
71,100 
76,100 


113,000 
101,000 
82,300 
SY, 80 


105,000 
107,500 

92,700 
101,400 


75,000 
66,400 
64,900 
66,600 


86,300 
78,700 
75,000 
74,400 


100,000 
94,100 
87,400 
92,800 


71,200 
65,900 
66,900 
65,000 


88,600 
81,300 
77,900 
78,700 
101,000 
96,700 
89,600 
90,200 


85,100 
73,900 
70,400 
77,500 


93,000 
79,100 
78,000 
78,800 


97,400 
91,400 
87,700 
92,100 


90,200 
85,100 
80,500 
80,800 


Table 5.—Mechanical Properties of Alloyed Phosphorus Steels. 


Tensile Properties 


Yield Elong., 
strength, 2 in., 
p.S.1. per cent 
36,900 47 
36,500 47 
30,000 49 
35,200 46 
49,300 36 
47,700 38 
42,700 37 
45,000 RT, 
57,800 15 
51.500 35 
49.400 7 
50,000 40 
56,700 37 
57,100 39 
52,300 38 
54,000 
65.800 27 
63,400 35 
55,800 34 
56,300 38 
83,600 30 
73,400 29 
65,100 32 
75,200 33 
71,300 32 
58,500 36 
52,700 38 
64,500 5 
79,406 28 
62,500 30 
60,400 32 
73,900 30 
89,100 30 
73,700 8 
70,000 27 
78,800 30 
71,800 29 
53,7006 35 
56,100 35 
68,000 33 
84,200 25 
66,000 29 
60,700 32 
76,300 31 
75,000 28 
72,900 27 
70,000 32 
83,300 28 
61,600 33 
55,000 40 
53,700 39 
56,000 36 
74,900 30 
62,600 34 
56,400 35 
57,500 36 
85,500 29 
73,400 29 
66,800 35 
78,600 30 
63,500 32 
49,800 33 
52,3u0 33 
58,000 35 
76,800 30 
64,800 34 
61,700 30 
67,200 33 
87,600 30 
75,700 29 
71,500 29 
77,300 32 
77,000 28 
60,500 35 
56,900 32 
68,600 26 
83,500 29 
63,300 35 
62,300 32 
64,600 33 
85,800 31 
72,200 27 
70,000 33 
78,300 32 
78,300 31 
68,500 33 
65,200 32 
68,500 33 
% hr. at 1725 deg 
4 hrs. at 1250 
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Table 6.—Effect of Heat Treatment Upon the Charpy Impact Values of Some Phosphorus Steels. 


Heat Treatment 














P Cu Other 40 
of Specimen Per cent Per cent alloys 5 ¢ 7 8 9 10 11 12 
. Re, BRE ys oie eads's+ alee 0.60 1.5 0.35 Mo 26 1.5 22 7.5 2.5 1.2 17 25 
| Shovccedscwasvssens 0.26 1.4 0.6 Mo 31 43 43 37 
BER Pe errr 0.60 1.5 ¢ 0.7 Mo 12 12 19 6 
| re a ar ere 0.27 1.5 0.54 Cr 50 39 47 46 
Oe... eh ae tea 0.60 1.5 0.60 Cr 23 1.0 23 1.5 2 1.2 1.0 2.0 
5. 4 hrs. at 1275 deg. F., air cool. 
6. 1 hour at 1850 deg. F., air cool; 4 hrs. at 1275 deg. F., air cool 
7. 4 hrs. at 1275 deg. F., furnace cool. 
8. 4 hrs. at 1275 deg. F., water quench. 
1 hour at 1850 deg. F., water quench, 
10. 1 hour at 1850 deg. F., water quench; 1 hr. at 700 deg. F., water quench. 
11. 1 hour at 1850 deg. F., water quench; 1 hr. at 1000 deg. F., water quench 
12. 1 hour at 1850 deg. F., water quench; 4 hrs. at 1275 deg. F., water quench 
the 0.60 per cent P alloys remained tough at 0 deg. quently forged and rolled to 4-in. rounds. Before be- 
F.. but it is evident that with suitable heat treatment, ing put through the last pass in the mill, the steels were 
the aluminum-treated Cu-Mo and Cu-Cr steels with reheated to a temperature at least 50 deg. F. above 
0.25 per cent P can be kept tough at O deg. F. the lower critical temperature in order that the steels 
[he behavior of these combinations made it appear be finished above the critical. Keyhole-notched 
worth while to study the separate effect of individual Charpy impact specimens were machined from the hot- 
alloying elements in more detail. rolled rods and were tested at room temperature with- 
out further heat treatment. The results of tests on the 
Table 7.—Effect of Temperature upon Charpy Impact Values of C-P-Fe alloy series are tabulated in Table &. 
Phosphorus Steels. Room temperature brittleness occurred in the 0.12 
Sestien tons.. dia. B: to 0.16 per cent carbon alloys when the phosphorus 
S treat ; - Osher o ee" a was between 0.33 and 0.36 per cent. In the higher 
ment 8 ? u alloys 0 85 212 . 
y — Per cent ae carbon alloys, those with 0.24 to 0.26 per cent carbon, 
5 35 O 3.5 26 ) .$ we nest : : . . ’ 
9.00 a 0.35 M - * 2 brittleness occurred in one specimen with 0.29 per cent 
s me re ~ ° rf P (Steel No. 9) to indicate clearly that the limiting 
U.Z5 ar .6 ALO Jo 3 mie) ° eqs ° ; 
‘ y “ 34 43 49 phosphorus content for ductility is lowered by carbon. 
ste + a? . + on The following elements were alloyed to C-P-Fe al- 
“ “ . 12 41 loys; silicon, copper, molybdenum, nickel, chromium, 
0.27 1.5 0.54 Cr 38 50 40 manganese, vanadium, titanium and zirconium. Im- 
2 4 ; 2.5 $9 0 pact data on, and intended compositions of, these al- 
0.60 1.5 0.60 Cr 2.5 23 29 loys are given in Table 9. All heats to which silicon 
f “ ‘ sé 2.( .0 22 ” . - 
si or manganese were not alloyed contained about 0.05 
ble 2. per cent Si and 0.30 per cent Mn. 
In the case of silicon, which was expected to em- 
Impact Properties of Phosphorus Steels brittle the alloys, the P content was lowered to 0.35 
per cent in the 0.10 per cent C and to 0.25 per cent 
xplore the region of decreased impact resis- in the 0.20 per cent C to bring the alloy just on the 
tal . iron-phosphorus alloys, a systematic study of border line. The results indicate that the border-line 
the -pact properties of alloys falling just outside and alloys will tolerate up to 0.5 per cent Si or more with- 
jus thin the brittle range of composition was made. out being injured, but that the tendency of Si is toward 
The .-udy was divided into two parts: First, an in- embrittlement. As heat 1187 shows, the presence of 
vest -.tion of the critical amount of phosphorus which 1.50 per cent Si shoves the brittle range back to 0.20 
ind room temperature brittleness in the C-P-Fe per cent P. With all the other elements used, the C-P 
alli and second, an investigation of the influence of compositions just over the border line were employed. 
nine alloying elements on the impact resistance of C- The results indicate that 0.75 per cent copper is a def- 
P-Fe alloys which are normally “border-line” alloys. inite help, but increase in copper decreases the benefit, 
[he steels were prepared as 15-lb. high frequency 1.5 per cent being only a slight help and 2.5 per cent 
furt melts which were subsequently split three showing erratic results in the low C and no help at 
ways to give three 5-lb. ingots differing from one all in the high C. One would say that 1 per cent Cu 
another in the amount of one constituent only. All could be tolerated without increasing the embrittling 
heats were treated with 0.10 per cent aluminum to ef- tendency. It is to be expected that, in these border- 
tect grain refinement. The 5-lb. ingots were subse- line alloys, the addition of a hardening element, even 
, 
| Table 8.—Impact Properties of Hot-Rolled, Carbon-Phosphorus-Iron Alloy. 
, 
Approx. Composition Charpy Impact, Ft.-Lbs. 
; Roll Finishing ——- ——- ——___~— a —————- —————__—_—_, 
ee Steel Temp., ¢ P Mn Si S Specimen Specimen Average 
NO. No deg. F. — - ——— Per cent ———__—_________— No. 1 No. 2 Value 
1174 13 1900 0.12 0.28 0.36 6.08 0.04 21.0 20.5 20.5 
1174 14 1950 0.32 17.0 19.5 18.0 
1174 15 2000 0.36 4.0 4.0 4.0 
1171 4 1700 0.16 0.23 0.36 0.11 0.04 27.0 26.0 26.5 
rth 5 1750 0.27 20.5 22.5 21.5 
171 6 1800 0.33 16.5 17.5 17.0 
1h 7 1650 0.24 0.23 0.36 0.09 0.04 18.0 18.0 18.0 
$72 8 1700 0.25 14.0 15.0 14.5 
72 9 1750 0.29 1.0 15.0 8.0 
ae 10 1650 0.26 0.15 0.35 0.09 0.039 22.0 23.0 22.5 
see FT 1650 0.20 21.0 19.5 20.0 
a 12 1700 0.19 19.5 19.0 19.0 





| 
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though it is helpful in small amounts, will reach a 
point at which a still higher addition is no help or even 
somewhat harmful because of the added hardening. 
This is the case with Mo which has a definitely bene- 
ficial tendency at 0.25 per cent, and even at 1 per cent 
has not dropped the impact quite to the 1.5 ft. lb. value 
that would be shown in its absence. Tolerance of any 
normal amount of Mo likely to be used is thus indi- 
cated. 

Outside of one low value all the data on Ni indicate 
not only tolerance of it up to at least 2 per cent but 
also a definite improvement due to its presence. 

Chromium is even more outstanding. While 0.35 
per cent Cr did not greatly improve the 0.10 per cent 
C, 0.40 per cent P alloy, higher amounts did, and 
even 0.35 per cent helped the 0.20 per cent C, 0.35 
per cent P alloy. Marked improvement with a Cr 
content of about 1 per cent is indicated. 





Manganese classes as helpful, and a tolerance of 
something around | to 1.25 per cent Mn is indicated. 
Vanadium was slightly helpful in small amount in 


the 0.20 per cent C, 0.35 per cent P alloy. Titanium 
and zirconium also showed up better in this than in 
the lower C, higher P alloy. 

One would conclude then, that, unless balanced by 
some helpful element, Si should be held to 0.5 per cent, 
that 1 per cent Cu or 1 per cent Mn would be at least 
neutral, probably beneficial, Ni in reasonable amounts 
will be beneficial, Cr at around 1 per cent markedly 
beneficial, small amounts of Ti or Zr admissable and 
possibly beneficial, while only a very little V would 
appear to be helpful. In non Al-treated steels, the 
effect of V, Ti or Zr might be more marked. 

From the point of view of cheap, low alloy steels 
it would appear that, within limits as to amounts used, 
the elements Cr, Ni, Cu, Mo, Mn can be used in con- 





Table 9.—Impact Properties of Hot-Rolled Alloyed C-P-Fe Alloys. 


Approx. - oe: 
Roll Finishing Cc 
Heat No. Steel No. Temp., deg. F. ——- Per Cent 

1192 16 1850 0.10 0.35 
1192 17 1950 0.10 0.35 
1192 18 1950 0.10 0.35 
1193 19 1850 0.20 0.25 
1193 20 1850 0.20 0.25 
1193 21 1850 0.20 0.25 
1187 A 1850 9.04 0.01 
1187 B 1950 0.04 0.20 
1187 Cc 1950 0.04 0.30 
1194 22 1900 0.10 0.40 
1194 2: 1900 0.10 0.40 
1194 24 1900 0.10 0.40 
119 25 1850 0.20 0.35 
1195 26 1850 0.20 0.35 
] 27 1850 0.20 0.35 
1196 28 1900 0.10 0.40 
1196 29 1900 0.10 0.40 
1196 30 1900 0.10 0.40 
1197 31 1850 0.20 0.35 
1197 32 1850 0.20 0.35 
1197 33 1850 0.20 0.35 
1198 34 1900 0.10 0.40 
1198 35 1900 0.10 0.40 
1198 36 1900 0.10 0.40 
1199 37 1850 0.20 0.35 
1199 38 1850 0.20 0.35 
1199 39 1850 0.20 0.35 
1200 40 1900 0.10 0.40 
1200 41 1900 0.10 0.40 
1200 42 1900 0.10 0.40 
1201 43 1850 0.20 0.35 
1201 44 1850 0.20 0.35 
1201 45 1850 0.20 0.35 
1202 46 1900 0.10 0.40 
1202 47 1900 0.10 0.40 
1202 48 1900 0.10 0.40 
1203 49 1850 0.20 0.35 
1203 50 1850 0.20 0.35 
1203 51 1850 0.20 0.35 
1204 52 1900 0.10 0.40 
1204 53 1900 0.10 0.40 
1204 54 1900 0.10 0.40 
1205 55 1850 0.20 0.35 
1205 5 1850 0.20 0.35 
1205 57 1850 0.20 0.35 
1206 58 1900 0.10 0.40 
1206 59 1900 0.10 0.40 
1206 60 1900 0.10 0.40 
1207 61 1850 0.20 0.35 
1207 62 1850 0.20 0.35 
1207 63 1850 0.20 0.35 
1208 64 1900 0.10 0.40 
1208 65 1900 0.10 0.40 
1208 66 1900 0.10 0.40 
1209 67 1850 0.20 0.35 
1209 68 1850 0.20 0.35 
1209 69 1850 0.20 0.35 


Composition 
; 


Charpy Impact, Ft.-Lbs. 


a 


pvnimcapepemenatin 
Alloy Specimen Specimen Average 
—_— No. 1 No. 2 Value 
0.25 Si 20.5 22.5 21.5 
.50 Si 32.5 29.0 30.5 
1.00 Si 1.5 1.5 1.5 
0.25 Si 18.0 17.5 17.5 
0.50 Si 5.0 20.0 12.5 
1.00 Si 15.0 15.5 15.0 
1 Sj 36.5 33.5 35.0 
1.50 Si 1.5 1.5 1.5 
1.50 Si 1.5 1.5 1.5 
0.75 Cu 11.0 oe 9.0 
1.50 Cu 4.0 3.0 ee) 
2.50 Cu 1. 26.5 13.5 
0.75 Cu 16.5 18.0 17.0 
1.50 Cu 7.0 7.0 7.0 
2.50 Cu 1.5 1.5 1.5 
0.25 Mo 20.5 3.5 11.5 
0.50 Mo 3.5 7.0 5.0 
1.00 Mo 2.5 2 2.5 
0.25 Mo 15.0 12.0 13.5 
0.50 Mo 7.0 12.0 9.5 
1.00 Mo 3.5 3.5 3.5 
0.50 Ni 18.5 15.5 17.0 
1.00 Ni 1.5 17.0 9.0 
2.00 Ni 12.5 15.0 13.5 
0.50 Ni 13.5 13.0 13.0 
1.00 Ni 12.0 12.5 12.0 
2.00 Ni 7.5 5.5 6.5 
0.35 Cr 2.5 2.5 2.5 
0.75 Cr 18.0 21.0 19.5 
1.50 Cr 19.0 23.0 21.0 
0.35 Cr 13.0 14.5 13.5 
0.75 Cr 12.0 17.0 14.5 
1.50 Cr 9.5 12.5 11.0 
0.75 Mn 10.5 6.0 8.0 
1.25 Mn 13.0 1.0 7.0 
1.75 Mn 1.0 2.0 1.5 
0.75 Mn 12.5 13.0 12.5 
1.25 Mn 14.0 15.5 14.5 
1.75 Mn 1.0 1.0 1.0 
0.12 V 1.5 5.5 3.5 
0.22 V 2.0 2.5 2.0 
0.37 V 1.0 2.5 1.5 
0.12 V 15.0 14.0 14.5 
0.22 V 8.0 9.0 8.5 
0.37 V 2.0 2.5 2.0 
0.15 Ti 2.0 7.0 4.5 
0.25 Ti 5.0 2.0 3.5 
0.40 Ti 3.0 1.5 2.0 
0.15 Ti 15.0 15.0 15.0 
0.25 Ti 15.0 15.0 15.0 
0.40 Ti 2.5 13.5 8.0 
0.15 Zr 17.5 10.5 14.0 
0.25 Zr 1.0 1.0 1.0 
0.40 Zr 1.0 2.0 1.5 
0.15 Zr 11.0 12.5 11.5 
0.25 Zr 1.0 10.0 5.5 
0.40 Zr 14,5 12.5 13.5 
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junction with P, while Si would need to be limited. 
In a complex steel carrying several of these elements, 


those having air-hardening qualities, so that the above 
data are not strictly a criteria of the effect of each 








n the effects may or may not be additive and one would element under different conditions. A prolonged draw 
n expect that too great hardness due to the cumulative treatment at 1250 deg. F., would certainly have im- 
n effect of the different elements would at some point proved the molybdenum steels and might have im- 
introduce brittleness. However, it would seem that proved the copper, the manganese, the vanadium and 
Vy in most of the low alloy combinations being used for the titanium steels. 
‘ - - > _ *- 7 . 1 . » 6 +t4 c ) oar TQ rt - r1s - . . . 
t, high-yield strength steels, the addition ot I might well [The data of Tables 5 and 6 indicate that the im- 
St be considered, for enhancement both ot yield strength pact behavior of a phosphorus steel with two or three 
ts and corrosion resistance. At any rate, it seems quite other alloying elements may be different, in some cases 
ly unnecessary to hold the | in such steels down to the markedly better, than would be expected from the be- 
d limits usually imposed for structural steel unless the havior of the individual alloying elements, so too 
id use is such that severe cold-working is to be imposed. sweeping predictions should not be made prior to 
4 » oL> oo > - 7 2c m+ . ) . . - 
le [he work hardening properties of the various P con- trial. However, the helpful, neutral, or harmful ef- 
taining alloys would have to be determined before the fect of an individual alloying element should be indi- 
Is proper limits could be set. cated by Table 9 
1, Without doubt, the impact resistance of some of 
- se Cc OS1T10NS, par ic arly ose wi i i i 
these composit particularly those with Mo, could Static Properties of Phosphorus Steels 
be improved by heat treatment. 
_ All the steels were finished on hot-rolling at 1850 So much for impact. We may now turn to a further 
deg. F. or above, and cooled in air. This treatment consideration of the static properties. 
may have induced brittleness in some steels, especially Table 5 shows that, in every case, whatever the other 
Table 10.—Mechanical Properties of 22 Gage Sheet. 
Other * Tensile Yield Rockwell Repeated 
P Elements Heat Strength, Strength, Elon- a. Charpy Impact,** Ft.-Lbs Olser Bend Tests, 
Per Cent—— Treatment p.S.1. p.S.1. gation Hard Ductility, oO. 
in 2 in., % ness Cc D E In. of Bends 
0.06 0.50 Ni A 432.590 34. NNN 32 45 42 
B 43,500 30,000 33 12 331 67 
0.19 0.50 Ni A 59.000 52.000 27 7 4] 23 
B 58.500 51,000 24.5 72 Q.2 ¢ 
0.29 0.50 Ni A 65,500 57,300 28 28.5 7.5 5 
B 60,500 45.000 28 7 60 
45 0.54 Ni A 73,000 61,000 2 1.5 2.5 7 
B 73,000 57,000 24.5 81 74 21 
72 0.54 Ni A 80,000 68.500 17 1.0 1.0 1.0 
B 86,500 75,000 20.5 91 0.210 17 
1.00 0.54 Ni A 92,000 89,000 14 0.5 1.0 
B 92,000 77,000 15 91 f 9 
5 0.31 Cu A 50.000 42.500 42.5 47.5 47.5 
B 51,500 42.000 24.5 62 0.268 62 
26 0.31 Cu A 59.500 49,500 23 0 30.5 14.5 
B 59,500 45,500 28.5 68 0.290 37 
6 0.43 0.31 Cu A 68,500 58,000 19 1.5 2.0 2.0 
B 72,000 60,500 21.5 81 0.252 40 
6 0.70 0.31 Cu A 90.000 67,000 21 1.0 1.5 1.5 
B 84,000 67,500 23 87 0.170 2 
é 0.94 0.31 Cu A 71,000 71,000 aa 0.5 0.5 0.5 
BR 91,500 73,500 16.5 90 0.121 1% 
608 0.11 1.04 Cu A 55,000 48,000 19 40.5 43.5 40.5 
B 53,500 45,500 19.5 69 0.258 62 
608 0.31 1.04 Cu A 65,500 58,500 19 25.5 18.5 7.0 
B 66,000 58,000 16.5 79 0.240 36 
608 0.47 1.04 Cu A 78.000 71,500 18 1.5 2.0 2.0 
B 79,500 73,000 20.5 86 0.238 31 
609 0.71 1.04 Cu A 94,500 81,500 19 0.5 1.0 1.0 
B 91,000 78,500 21.5 92 0.241 19 
699 0.96 1.04 Cu B 96,000 80,000 18.5 94 0.5 0.5 1.0 0.155 3 
609 0.96 1.04 Cu; 0.53 Cr B 91,000 73,500 20.0 92 0.5 0.5 1.0 0.116 3 
610 0.15 0.83 Cu A 51,500 39,000 22.0 48.0 37.0 45 
B 51,000 37,500 24.5 63 0.274 39 
610 0.31 1.66 Cu A 80,000 71,000 14.0 4.5 2.0 7.0 ; 
B 69,000 61,000 17.5 81 0.254 38 
610 0.60 3.2 Cu A 88,500 84,500 10 1.5 1.5 2.5 
B 83,000 74,000 17.5 89 0.201 28 
610 0.88 4.7 Cu A 104,000 100,000 16 1.0 1.0 1.0 
B 90,000 75,500 15.5 91 0.185 27 
el 
., Alloys not aluminum treated; carbon content about 0.02%; manganese, 0.07%; silicon, 0.03%; and sulphur, 0.02%. 
~parpy impact specimens cut from %-inch forged plate. . ; 
— Specimen tested in as-forged condition. D—Specimen tested after heating to 1625 deg. F. for % hr. and air-cooled. E—Specimen tested 
H _ atter holding for 10 hrs. at 1325 deg. F. followed by furnace cooling to 900 deg. F., then air-cooled. 
eat Treatment: 
: Rolled, heated to 1725 deg. F. for % hr., then air cooled. ¥ 
—Rolled, box annealed at 1325 deg. F. for 8 hrs., furnace cooled to 1000 deg. F., then air cooled. 
— a 
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alloys added, or whatever the heat treatment used, 
these steels of 0.06 to 0.10 per cent C with about 1.5 
per cent Cu and 0.25 per cent P had yield strengths 
in the range of 55,000 to 85,000 lbs. per sq. in. and 
elongation in the range 25 to 35 per cent in 2 in. In 
only a couple of cases did the Charpy impact values 
fall below 25 ft. Ibs., most of the values ranging be- 
tween 25 and 45 ft. lbs. 

In low alloy structural steels of this class, without 
phosphorus as an alloying element, yield strengths of 
this order are accompanied by elongations below 25 
per cent, unless considerable nickel is used, as is evi- 
denced by Whetzel’s* tabulation. It appears that phos- 
phorus, judiciously used, has a specific action in eleva- 
tion of the yield strength without as much loss of 
static ductility or formability as would be produced, 
were the higher yield obtained by raising the carbon. 

Were it not for the impact limitation, very interest- 
ing static properties could be obtained in the high P, 
high Cu ranges, as Table 10 shows. This may be 
compared with Table 1 which deals with similar 
straight P steels. Such a comparison shows the bene- 
ficial effect of Cu or Ni, especially upon the repeated 
bend tests. 

The low carbon sheets without Ni and with 0.50 
per cent Ni and up to 0.30 per cent P were cold rolled 
in various steps with normal results as to increase of 
tensile and yield strengths and decrease of ductility. 

At 10 per cent reduction i in thickness by cold-rolling, 
the 0.50 per cent Ni steels were slightly stronger than 











in the absence of Ni, at all P contents used. This was 
true at 25 per cent reduction for a P content of 0.20 
per cent or below, but the values for the 0.30 per cent 
P steel were not appreciably altered by Ni. At 50 per 
cent reduction there was little difference at any P 
content. 

The 0.30 per cent P steel, at 50 per cent reduct be 
gave a tensile strength of nearly 110,000 Ibs. per sq. 
and a yield strength over 105,000 lbs. per sq. in., with 
an elongation in 2 in. of 2% percent. Yet, even in this 
hard condition the sheet could be doubled upon itself 
and hammered flat at the bend without signs of crack- 
ing, despite the impact brittleness of such a steel in the 
notched bar test. 

Sheet of 22 gage was also made from some of the 
alloy combinations whose notched-bar impact proper- 
ties were good. (See Table 5.) The static properties 
of these sheets are given in Table 11. 

From the various tables in which static properties 
are presented it is seen that increase in yield strength 
is produced by phosphorus in company with quite a 
range of other elements usable in high yield strength 
steels. 


(To be continued) P6éT-7. 
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